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Abstract:

The failure of Mystic Lake dam poses a major threat to the residents of the Bozeman Creek drainage.
Outdated engineering practices used in the construction of the dam coupled with an unstable geologic
setting create a potentially hazardous situation. The east abutment of the oam is founded in the toe of a
Quaternary landslide. Water seeps through the landslide debris and ponds in a depression at the foot of
the dam. Unvegetated slumo scarps in the landslide directly below the dam site are attributed to the
increased pore pressure from the seepage water. The potential for liquefaction in the event of an
earthquake is extrerne Iy high.

A mathematical model is programmed in FORTRAN IV to simulate the failure of the dam and the
movement of the floodwave. The hypothetical failure is induced by overtopping the dam with a
rain-storm discharge greater than the spillway capacity (780 cfs). The breach is assumed to erode as an
exponential function of time, producing an estimated peak discharge of 83,500 cfs in approximately 7.5
minutes.

A hydraulic routing method utilizing the complete equations of unsteady flow is solved numerically by
a four-point implicit finite difference method.

Changes in the flow regime of Bozeman Creek make the computation of the initial water surface
profile and the establishment of intermediate boundary conditions impossible. Until sufficient gaging
data are available# trie routing portion of the model is not applicable to Bozeman Creek and the extent
of flooding from the failure of Mystic Lake dam cannot be simulated.

An estimate for the extent of flooding from the failure of the dam is approximated by plotting the
percentage attenuation of the breach hydrograph against the depth of flow.

A 60 percent attenuation yields a depth' of flow of 10.5 feet, at the canyon mouth # 4.5 feet deeper than
the 5 CO year flood.
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ABSTRACT

The failure of Mystic Lake dam poses a majcr threat to
the résidents of the Bozeman Creek drainage, Outdated
engineering practices used in the construct1on of -the dam
coupled with an unstable geologic setting create a poten=
tially hazardous situation. The east abutment cf the dam is
founded in the toe of a Quaternary landslide. Water seeps
through the landslide debris -and ponds in a depression at
the foot of the.dam. Unvegetated slumo scarps -in the tand-
slide directly below the dam site are attributed to the
increased pore pressure from the seepage water, The poten-
tial for Liauefaction in the event of .an earthouake is
extremely high, :

A mathematical model is programmed in FORTRAMN IV to
simulate the failure of the dam and the movement of the
floodwave. The hypothetical failure is induced hy overtop-
ping the dam with a rain-storm discharge greater-than the
spillway capacity (780 cfs)., The breach is assumed to erode
as an exponential function of time, producing an estimated
peak discharge of 83,500 cfs in approximately 7.5 mirutes.
"A hydraulic routing method utilizing the complete equations
of unsteady flow is solved numerically by a fcur-point
implicit finite d1fference method.

Changes in the flow regime of Bozeman Creek make the
computation of the initial water surface profile and the
establishment of intermediate boundary conditionrs impos-
sible. "Until sufficient gaging data are available, tne
routing port1on of the model is not-applicable to Bozeman
Creek and the extent of flooding from the failure of Ny§t1c
Lake dam cannot be simulated.

.An estimate for -the extent of flooding’ from the faiture
nf the dam is approximated by plotting the cercentaae atten-
-uation of the breach hydroaraph aqainst the depth of flow.

A 60 percent attenuation yields a depth of flew of 10.5 feet
at the canyon mouth, 4.5 feet deeper than -the SPO year
flood




"INTRODUCTION

Location

Bozeman Creek dra1ns 52 4 square m1les on the northern

ftanks of the Gallat1n Ranqea southwestern ¥cntana. The up-~

ver bo9 square m1les of the drainage basin drain into Mys-
tic Lake (?ig. 1. The -lake is 12 m1les southeast of Boze;
man in the eastern half of sect1on 25; Townsh1p 3 ‘South,
Range 6 East, and in the western hatf of section 30, Town-
ship.3 South, Range 7 East. From Myst1c:Lake' Bozeman Creek
ftows.71mites th rough a,narrowo-forested,'northwestftrendtng
éanyon.(Fiq.'1)h The lower reach of'the'streamp betheen the
canyon mouth and the East Gallat1n R1ver' octuoies a narrow

floodplain (Less than one mile w1de), whnch is undergding

1steady urbanization. Many res1dent1al and commerc1al devel-f

opments have establ1shed on the floodpla1n 1ncluding bart of

downtown Bozeman (Fiag. 1),

Purpose :of the Study

According ‘to guidelines ‘established by the UeS. . Corps

" of Enqineers.(1975), Mystic Lake dam 1is classified as having

a high downstream hazard potent1al In an execotive‘suﬁmary

Foster (CH2M Hill, 1980, Pe iv) statéd:,

Based on visual reconnaissance and engineer-
ing judgement,. the dam is . located such that its
failure could cause. extens1ve property damaqe ano
possible (oss of life. ‘ .




111*os' noTse
45%43"
I s O
| 80O
Contour Intervel 1000 Feet
HOTS3'
Fiqure |I. Location map. Note the spatial relationship

between Mystic Lake, Bozeman Creek and the town of Bozeman.
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In his recommendations to the city of Bozeman, the éozeman

Creek Reservoir Company and the U.,S, Corps cf Enginegrs’ he

étréssed.the need for further evaluation of the dam's

geologic stability and for a hydraulic routing to establish

~the extent of downétreamffloqdihg associated with theffail—

une.of the dam.

The pﬁrpoge'of‘this investigation is .twofold: first.. to
evaluate the'stébility of'Mygtic Lake damAby cémpiling all
ayaﬁléble enginee}ing:déta and cénduétiné a géologgc inves:

tigation of the dam site, and second{ to demonstrate .the ex-

'-_tent of potential flooding altong Bozeman Creek by numeri-

cally §imulat$hg the failure of the-dam and the movement of

. the floodwave downstream.

- "History of “the Dam

The following section was summarized fro%_a.rgport by
Bozgmaﬁ City Engineer., Art Van't Hul (1980).

Mysf%c Lake dam.was'constructed in 1903 and 1904 onr U;S.
Fore;t Servipe property through:a-soecjal use_permit granted

to the city of Bozeman and the Bozéman:Cfeek Reservoir Com-

pany. The Llake is uséd_to spére {rfigatjon and municipal

‘waters. The original earth-fill structure measured 43 feet

in'HeigHt from the outlet pipes (one 16 and the other 12 in-

ches in diameter), to the dam crest (Fig.'Z;AiB). Both




—20 —
[ crest elev. 6401.9

rX — e * _

a 12ai6in. conduits”® ssWiasonry
cere wall

A. Cross Section

original crest

spillway crest elev. 6401.9
bedrock ... ]
pipes
B. Profile - Longitudinal
Figure 2. Engineering drawings of Mystic Lake dam. Cross-section A is drawn
through the dam along the outlet pipes. Note the extent of the core wall in
the longitudinal profile B. Where the core wall is absent/ seeocaae water ponds

in a depression at the toe of the dam/ plan view C.



Mystic Lake

C. Plan View

Figure 2. (continued)
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upstream and'dbwnstreém:facés had slopes of 2 to 1 with
the-upstream face rip_rapped° A'maéohry core wail"é feet
thipk at the hase, 2 féet‘thiék at the top, and 140 feet,
Lohgl.e{tEHaed froﬁ the west abufmenf through éhe center -
L%ne'oT fhé dah. The Fop of thie core wall was app?og{@étely
é feet béLow fhe.original crest of the.dam.(Fig..Z-Allag,: 

There have been several modifications t¢ the dam since

its installation in-1903. A concrete spillway'uas:qonstrUCf

ted in 1919 near the west abufment to replace the original
timber spillway (Fig. 2=-C)a In 1932, a High runoff event
leaving ohlylé .9 fecot fréeboard on.the dém: brcmbted b¥}i-

cials to raise .the aam crest by 3 feet to the'height of'the

soillway cpvef slab. In 1959, a new concrete soillway;_1§5_

’feet podg and éO_feet wide was in§t5LLed with a Parshaﬁ(
Flume at the ouFLet bipéé (Fige. 2-&);_ At the“samé ;gme' the
d;m crest was raised two feet to'its,pkesént_ﬁeiéht.éfEQB
feet. At'ﬁhis;new eteyation, 1h; 440 foot long dam'ﬁmpoundf
ed 1190 acre-feet at %he spillway crest, a&d”1520 ac}é-féet
at the dam crest. In the fall of 1964,'thevéld_gate strgé;

ture was dismantled and a new c¢oncrete outlet control with a

hand operated slide gate was installed. Three years Later .,

in- 1967, a' longitudinal crack developed in-the lower end of

the spillway floor, The repairs were made ty injecting a’




-
:miktore o:f masonry cemente-washeo sand, and hentonite‘into a
series of:hotesndrjtleo-through the.sptttwax floor, .
Yln'JULy; 1977, water was observed entering.a'sinkhotgﬂfj?
in the.upstream face of the‘oam CEig; Z-G)}'accompanmeo hy'a’
,toud‘roarifrom‘w%thin.the dam,- Muody water ‘and algae,were |
“ohserved:issujng'from a nool 2C6:to.30b,feet d0wnstream‘from
'the'enouof'the spithay. jAs;tHe'reservoir level-decreased;

the.sound from w1th1n the dam leSSened and the flow of ‘water
throuqh the sinkhole dw‘mwmshed (Williams, 1977). . Dr1ll
_hole and fluoresee1n dye tests ‘conducted by Northern Te,t1no
1Laborator1es (1977)' and telev1s1on mon1tor1n; of the Outlet
;p1pes by Bozeman cwtx offmcials in 19?777&, 1eo to the con=
'clusfon thatfoitterential settlement:of.the_oore'watt ané
. SRALL ot ] : °
the dam embankment had sheared the 12 inch'outlet pipe.'fln—'
spect1ons reveated that the 12 1nch d1ameter p1pe had a é
%nch vert1cal d1splacement at the upstream face of.the core
walls ano~that both.cast 1ron'condu1ts had lonq hends and
.locaLLY,oue-of-nound sections. .In oroer to prevent'further
removal of mater1al from the dam by p1p1nq, and additionalll
sinkholeudevelobment' mechan1cat expand1ng plugs were 159
serted.into the npstream andldownstream ends of the.12 %ch

:outlet p1pe as a temporary mea ure unt1l more comotete‘ e-

o pairs could be.made (Northern'Iesting Labdratornes:_-???)
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It was recommended that both outlet pipes be reshaped, lined
and grouted and that a grout curtain be applied to the
upstream face of the core wall (Northern Testing Laborato-

ries, 1977; Williams, 1977). To this date, final repairs

have not been undertaken.

Dam Site Geol ogy

fTo summarize the geologic history of the region, com-
pressive forces of the Laramide orogeny deformed the rocks
in the Mystic Lake area into a series of northwest-trending
folds# 50-60 million years ago. At the culmination of the

compressive phase, thrust faults developed, displacing rock

units horizontally and vertically. Normal faults evolved as
these forces diminished (McMannis, 19r5; Aram, 1979; Hughes,
1950). 50 million years ago, a*ter a period of erosion and

stream development, extensive andesite flows and breccias
covered the north end of the Gallatin Range (Chadwick,
1970). Further erosion produced the present topography. A
Landslide involving the volcanic breccias flowed from the
east and formed a natural dam at the southern end of Mystic
Lake over 150 years ago (tree ring count).

A Generalized geologic map was produced for the pur-

poses of this study (Fig. 5). The rock wunits mapped by

Roberts (1964a; 1964b) were Ilumped into undifferentiated
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units with age distﬁnction 6nly, Three units whicﬁ atf as
the foundation of fhe_dam, the Amsden Formation, Guadrart
Quartzite and the landslide deposits retain the original
statuslassiqned by ﬁobeéts.' The‘volcagic'breccia was also
-ﬁappéd sepa}dtely as it is the source rock for the land-
slide debris; |

A field check of the dam site showed that Roberts
(1964h) incorrectly mapped portions of the Jurassic Morr{son
and the_Cretapeous kootéhéi Formations as parf of the Oua-
ternary landslide depo;it along the eastern shore of Mystic
Lake. :Outcrops oT'theucarbonaceous shale of the upper ™mor-
risons baéal'cbngloﬁerate and gastropoa }ich'létustring
limestoﬁeg of the Kootenai suppbrt this conclusion. The
contact ép the toé'of”the slides, downstream from the dam was
also ;§npea in error, The'con;act was extended soutﬁ to the
the first stream confluence where Péleo?o%c rocks are ex-
- posed,
| 'THE dam site is located on the northeast [imb of an
anficline that plungég to the southeast (Fig;'S). The upper
portion oflthg &msdén Formation, which underlies 10-15 per-
cent of the west ébﬁtment, is a resistant, fine-qrained:
white.fo buff dolomite Qith-inferbeddéd stringers of yellow-

"ish white, medium-grained, quartzose and calcareous
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sandstones. According to McMannis (19555' the fontact-be4
tween the Amsden énd the Quadrant is gradational. The
boundary ié'drawn where the sect{on becomes dﬁmihantely
sandstone. Both units strike N zo'7w and dip 50° NE., The
Quadrant Qdartzite makes up 25 percent o{ the foundation.,
Elsewhe;e the’ngdrént is a resisfadt-cliff forming urit,
hut-at the dam it is a friable'.medium grained, buft, nuariz
sandstone held together by CaLCareouslcement. fhe remainder
of the dam is founded in the toe of the lanc,sli'd‘e"depo'si,'t°
The grain sizes within the déposit range froﬁ boutder size
anqularvblodkg to silt size parficles derived from the ande-
site breccta. The breccia has a blocky texture and imparts

a.distinctive rust coloration to the landslide deposit.




PROBLEMS ASSOCIATED WITH THE DAM

With the except1on of the- fa1lure of the outlet p1pe'

Mystwc Lake dam has funct1oned relat1vely well for tho last
76 Years. Neverthete;s' there are many problems a;sor1at9d
w{th.tﬁe daﬁf,'whe6 viewea singly these orohtems do not ép—
. pear signit{cant; howeQer, when breseﬁted as)é tﬁmpo;ite cf
_intetreléted.ptoblems.they:warrant careful constdératiéh;_
The probl@ms will bP dstussed in, thtee sect1ons,.énqineef—'

1nq and construct1on, qeol0q1c stab1l1ty and downstream

flood hgiards;

Engtnéerthg and Construction .
Building a6 eékth dam with'a:cote:ﬁalt:is no -Lonaer
consjdetea_tq b§_a %éfé;enginéertﬁg“p}actice.(Nillia&é[

f ' 1959, ?owéts,.1962);/ Iﬂ féét( bne hSS to lcok.béck twenty
vears into the titenature'to‘even tind ménttbn;ofia masonry .
cor.e datl : Or1q1nally, thé'tote waLt Qas thought to be'thef
pr1nc1oal means of. reduc1ng the flow of water thr0ugh'the

. dam as'well as prov1d1n;‘add1t1onal structural strenqtt
However., a core .wall even 2 to 3 feet’ thick can’ nqt w\tn—
A -étand the ptegsurés”gxerted on thgﬁdam,(Witngm§f 1959)

Williams (1959, p. '4). also reported thatz:

r!n the case of sttic'Lake, the corp'walt'is

"known- to have cracked before construct1on was com-—

. pleted.. The extent of cracking is not known . . .
however, the: .core wall must be d1scounfed as far




'AS
as impartinq.any étrgétural streaqth,

The_“additi@nal stréngth"lprovided by the core wall prompted
the engineers-of Mystic Lake dam to build‘the eﬁbankment
slopes'ag_a much steeper angle (2:1) than aLlowed.by hod;rn
safety.requifements (will{amSp 1959, Furtﬁermcré'.thé core
Qall does not e;t¢5d the tétét length.or heiqht d% the dam
(Fig. 2=B). - Where the cbre waltl 1is ébsént near the_éast
abutmenF, a seepage brobfem exists. Watér'mdvpg'thrquqﬁ the

dam at a rate which varies uith the resefvoir lavel and

S,

accgmulatés ih'a-deprgssion immédiatély_ddwnstream'{rom the
dam (Fig. 2=C) (Williams, 1959 Northern Testing Labora-
tories, 1977; CH2M Hill, 1980), . If'is feared that water
bondjng,in su;h'a way will raise thé hore;wa£én pressure in
.thé foundatioﬁ.and embankment.m;t%riél.anu tead to the fail-
ure of ‘the dam (CH2M Hill, 1980)‘f | |

Part of the séepagg problem may élso-be'dUe to the Llack
Qf'"zonation" of the embdnkment materials (Qilliams' 1656) .
A-properly constructed‘eérth dam should‘be bQilt up in zones
with the.[eaét_pérmgable mater%al at-the.core and layer§ of .
progressﬁpély'more pPrmeable materiét bgitt-ogt_to tﬂpfdam
face (Williams,. 1959 U.S. Bureau of Reclamation, 10747
Barrons 1927;_wilsoﬁ and Marsal, 1979). 'Dfill coreé and

‘seepage- tests conducted by Northern Testing Laboratories
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revealed "perméasle lenses or infernal erosion channels;
within fhe embankment mateniéls‘oerystic Lake'dam (&orthern
Testing Labofatories, 1977). |

.The failure of the outlet pipes.and the resulting siﬁk-

hole development is attributed to the differential ‘settle-

ment of tﬁé'dam. §¥'¥he,sett(emeﬁt cbntidueSg,subseqU¢nt
breékage:of tﬁe outlet pipes will continue énd‘may lead.to
fhe'failu}e of the dam (quthérn'Testing,é#ho}aférie§,'1977}
williams, 1977; CH2M Will, 1920).

-6verﬁoﬁbing of the.dém o} sp%ll&gy by unusiually high
storm events is the second most gémmon.cause of-dém tailures
iﬁithé UeSe kMiddtebrogké, 19533 r?gad and Harbaugh, 1971;

Wilson and Mar§al; 1979) . fn ;onductingla study ‘on Mysfiﬁ

“Lake dam, CH2M Hill (1980) estimated and routed a probable

maximum flood (PMF) through the reservoir, A PMk is the

largest flcod that can reasonably be expected from a combin--

,ation of the most severe hydrologic and me teorologic condi-
ltiohs~pds$+ble in a given region (Chouws 12647 U.S. Bureau of

Reclamations, 1977; CH2M Hill, ¥980).- -The precipitation in

the 4.9 square mile.dna%nage basin was -estimated to be 11,8
inches in 6 hourss 15.7 inches in 12 Hours, ard 18.1 inches
in 72 hoursy It was aséumed that the rain fefl on snowpack

and that the contribution of snowmel t to‘funoff-was'edhat-to




the rate of infiltration. The resulting PMF had an estima-.

;ted volume of 5,600 acre-feet and a- peak discharge of 26,800

cfs. " Because the spillway on the_dam has a maximum caoqoﬁty

of 780 cfs., thg dam would be overtobped after approxioatélyk

.

23.peFCent of- the PMF hadﬂentefeq'phe.resgrvoir_(CHZM Hill e
1980).
In.rechecking CHZM:Hi(L's figurea agairst'oata con-‘

fained in the UeSe Bureau of-Réclamation; “Deéigo_of Small

’pams" (197?), the PMF in thvs area should produce only 14 5: 

K

inches of rain in. ?Z'hours. & volume d1fference of 1,870
aaéra-feet;_ Even thouqh Ehese new f1qures reprasnntﬂa s1q;'
nificaot change in the . PMF,Ixt must be recogn1zed thataa
Storu-of th1s magnltude would dovasgate the rown of Hozeman
even w1thout the fa1lure of the dam, and that the dam c0uLd
_bé'0vertopped and'bréachad by a;much’smatlef"and more‘real-'
iafic éform with a peak disdhargo oreageo toan'tho spiglway

caoacjty-(780 cfs)e.

Geolog1c Srab1t1ty

™

dam are. seismic hazards, the conditﬁoo.of_the-foundatyon,'
and mass movement near the .dam site.
Though only a small percentage of the dam failures .in

the.Unﬁfed Stafaé have been caused by. earthquakes; the

Three factors controll1nq the qeoloqlc stab1l1ty of the..
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oroblem-mﬁs% Ee éddréssgdo éspeciatly'in a éeismidally‘ac-
tive area. 'The U;$. C6astand.Geode§i€ $urVey detjﬁgéfed.
four lgvets of pdtentia['éa}thquaké daﬁaqé #n éﬁe United:
States based on past seismic éc@iv{t}.(ﬁig. 4) 4 FALtHoggh no.

seismic frequency .i's shown on ‘the maps, major -earthquakes

'would'dccur‘more ofxeﬁ in the .western U.S. than in the same

riSk';ones {n the fest of the péuhtry.(Algerhissen éﬁd'ﬁé}‘ 
kins;”19%6). MQstfc Laké dam is ibcéfed ihié'zpne sﬁsceﬁti;.
blLe to~major>e$f;HqQake-aamagé and has ékpef{éﬁbéa SeVé}al
majsf shbgks'%n its'li?e{imei.the'Lafgést being the Hebgén_"'
Lake;éaf£houake of.1?59.A-Ihé bedréck]écceléraf{bn at MQSt{c
#akg dam, ﬁurjhd this'eveﬁté was'ésgjmatednfq be_grea;ér ,
than 0.2q (CH2W Hill, 1980). | |

The potential for damage_ffpm:an earthcyake‘depends on

,bdfh'nhe §ize:gf'th9fshock andmthe,proxjmity of the ebicen%l

ter to the dam site. The-prihcipal”haéardj to an earth dam -

from seismic activity include:  fiulting of the foundation,

stiding of'thé déﬁ'embankmgnt due td'an‘intreaée in;poref
wéﬁgr"pfeséure (liquefacﬁion);lbipijg;fa%iuréglthrouah.
crack;'%nducéq by'gréuga.ﬁot;oﬁa a.deéreasé in ?reebqé(q on
thé‘dam by:setfﬁeﬁént or.téct6nic hgvémehtmiénd oyérfopping
é% the'démsﬂueﬂto ééiches'qrbducéd by §round'mg§ion br:

tandslides entering the reservoir (Sherard and others, 1963;




Major Damage

Figure 4. Seismic risk map of the United States showing the potential for
damage from earthquake activity. (After Algermissen and Perkins, 1976).
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Housnef' 1977).

The fact.that Mystic Lake dam:has suerved previcus
seismic pventg shouia not lead to cdmptacenfy regarding,its
ability to withstand another mafor e;ffhouake. The éumulaj.
tive effects from-prpvibus garthqdékes are uﬁkﬁown as are
the ﬁagnitudea locatjon and tjming of the nex't earthauaké.
It has been estimated that this area could éxber%gﬁce a
seismic event with 5,max§mum Modjfied.Mérc;llf intensity of
'X':(?.S on tﬁe Richter scafg), in ‘the next 103 years., ;ho a
horizontal acéeléfatjon of O.4g. has a 10 percent chance‘of
hei ng excéeaed-ih.SO years (A(germjgség add'ﬁerkiﬁs; {9%6}
cHam Hill, 1980). o

Two pfoblem§ mentioned prevfbuﬁly-in thé,en@fnéerfdg
and construction section are worth repeating in tBe ¢ontext
of.seismic‘hazards.‘ Seebaqe wéter pond¥ng'ét the toé of the
damf(Fig;.Z-C) cTeates.a noféntialiy hgzardous_sifuation;
-nurinélan eérihquake;,hﬁgh paore-water prgssuré dévetops when
éétU(atéd material 1is gubieétéd:tb-severe shoéks..‘}he.re— :
sulting liﬁdefaction greatly rgdudes the shear strength of
the embankment or'foqndatjon material and causes'ﬁk.tal
behave as é_flgéd'kSéed' i9%§;gwfison'and‘Marsalb-19795.
'-Thé oéhé} problem, diffgrentiaLsséftlemenﬁ) is intensitied

"by the qground motjon induted by earthauake s. -Sﬁerard
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(1973, ps 343)'reportgd:

For 5 dam‘thét is undergoing }elatively large.but

slow differential settlement, even moderate earth-

quqke shaking could be sufficient to cause abrupt

opening of cracks. A combination of moderate dif-

ferential -settlement and a moderate earthquake

cou@d result in large cracks,’
This impties’that differéntial settlement of Mystic Lake dam
-may nof only be caused by eaktﬁogake éctiyity: Eut may
amplify the potential hazards in the event . of aﬁ earthquake,

The most important consideratioﬁ iﬁ,the stability of
a dam site is the geologic stability of the foundation |
(ASCE» 1975). During a drilling program berformgd.by North=
ern Tes;ing_Laboqagories in 1977; two dritl holes and four
nrobe holés:weré boréd.into the fbundation c% the dam.-
.Sfandard peﬁetration resistance tests were c0ndhctéd: say;
‘ples‘ﬁf the embankmenf and foundation material were cared,
and permeability and pﬁmp tests were pefformed.. These geSts
reveal that the uppe}‘dolqmite unit of the AmsdenﬁFarmation'
which makes up 15 pe;cent'of’the west abutment, is fractured
and deerply. weathered. The duqdraht Ouartzige, wﬁich uﬁdér—
.tie§ the remainder of the west abutmént:.was.répdrted:by
.Nortﬁéfﬁ Tegtinq Léboratoriés~£19??;'p. 2)'t05bg:
_oért{a(t;-{p-completely decompdsed.to a meﬁ&um-
‘qrained quartzose sand at the contacte., bhecoming.

somewhat more massive with depth; The decomposed
and fractured areas are very.permeable as ‘
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"evidenced by pump tests conductea in the fcunda-
tion bedrocke. '

.Tﬁe remainidg S0 to.60 pércent of the dam;s foundation and
the entire eést abutment is. located in the Iandstide debris,
_Seeoége Heaf ;he east abutmenf'attests:to the permeability
éf the 'slide debrié}hxthé dém‘s founqétﬁoﬁ is ﬁcf.ahtﬁbred
ip sp(id' impermgable‘bedréék;‘the matgr%als présent at fhe
dam siié are all fractured, weathered, and exhibit high
permeabklfty. According to ASCE (1975, p. 28):

'léakaqe iﬁ the foundation'énd embankaent are the

most frequent-cause of failures and accicdents,

even to modern dams. ' : .

Sin;é‘pver hatf tﬁe dam is'founaed in a recent land-
slide; it is imperative ;o examine the dam site %or ev;dence
of recent.mass movement. The‘Fdndéliéé at fhe'east abutment
of the dam apﬁeafs-té.be relativeiy stéble.- Trees growinrg
in the'deposgt ar?.spraﬁgﬂf éna shbw no signs'o% recen.t
'movement; pre&er: iﬁiﬁhe toé pj:the i;ndSlide-danstream
from phe dam*and in the”bpdy'of tﬁe landslide east~o{'rhb
dams, are numéro@s iédfcétions o% recent ., ;malT scale mass
movement. ﬁ@téped blpeks w%th”trees leaning uph?ll‘along
slump scérps‘a}e vi;ible'as wetL ag:"pis;oi—bpttédf trees -
ncaQsed by'surface cfeep in the slide debosﬁt. ALl of these
féatufe; oresen£ on- a smqll scale'!iﬁdicage.thatzﬁhe slide.

is not in full equilibrium, The slump scarps below the dar
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range in heighthfroh é to 25 feet and are'depttted in'ftg-
ure.S. Tree coring‘to deterhine-the eee,of the trees w{th
respect to the scerp movement was 1nconclu51ve. ‘However}
several of the vegetated scarps fotlow the trend of the'
roadway and would appear to be related to rcad construct1one
1fhthfs is true' these scarps ere younger . than.the ddm. -1The
lack of teqetetion on scarps A andLB,(Fuq.IS).1n turn shg-
gests that they are }ounqer thah the yeéetatedlsearps.' fhe'
fact that scarps A and B parallel the dam and are s1tuated
.below the'seepaqe hater pond (E1qo 5) 1mpl1es that 1ncrea§ed
pore-water pressure in the sl1de mater1al m-ay have: triqqerea
the latest mass movemeht._ The presence-of these scarps

d1rectly betow the dam raises ser1ous questions as te the

"stability. and safety of the dam.

Dohrétream.Flood Hazards

'with the humber bt houéiné developments inereqs{ng cn
the ftoodpLa1n of Bozeman Creeks the potcnt1a| *or damaqet
from the fd1lure of Myst1c Lake dem s also 1ncreas1nq. |
,Preeehtly,there ‘are SO‘res1dent1al dwelltnqs ane ?.bu<1hes-'“
ses‘on the eaet s1de of town that rare affected bv the ,00.
}ear tréqUehcyrflogdf (one percent chance af eccur1ne‘fh a.
'gjven year)A(U;§..Soit Qonservatnon Serv]ce, 1980)

In a letter to the Corps ¢¥ Enginéers., ihp[uded-ih




spillway

scarps in the toe of the

Figure 5. Location map of slump
landslide below the dam. Scarps A and B are unvege tated#
all others are vegetated. Hachures denote downthrown

blocks. Slump scarps are attributed to increased pore-
pressure from the seepage water pond.
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apnendjx 4L of the CHZﬂ Hill redort'(lOSO), ﬁoieman City
Engineery, Art Van't Hul probosed that the'failurn of the dam .
would net cause:extensive proberty damage dr loss of Llite:
bepause: |
| the area“1ﬁmedlately dounstream-of the mouth .of

the canyon opens up aonto flat altuvial fans that

would spread any waters over a fa1rly w1de area.
Several can}ons alonq the uallatwn Range front have alluviatl
.fans' but Rozeman Creek is not one of them. The stream sys—
'tem has edtredched'itself into what may have been'an atluvis
al fano, but'ls presently-urrecogdizable as such.-.Frum the
mouth of the canyon, Bozeman (reek is.incised into 3. ndrrow
floodplain that would‘restrict tde'fldw of water'rather'than-
allow it to -spread out as Van't Hul has. proposed.’

There are 17 brldges and culverts that eodvey the flow
of water where roads or bridges are constructed across.Ho;ejl
~man (Creek. Of,theu17; only 4 do not’ flow at cababity during
the 100-year event, 9 flow at capac1ty and 4 are overtorped
hy the same freduency flood (U.S. So1l Conservatwon Service.,
_1972) These estimates wvere made assuming that the‘flow
through the culverts would not be.blocked by ice or other
-debris; Any restr1ct1ons at “the brwdqes or. culverts could
cause: ma]or f lood damage to - the areas upstream from these

éonstrictions (U,S. So1l Conseryat1on Services 1972)
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Sevéral'majo}-eastjwést'nnads sbgth.of town have been cﬁﬁ—
structéd above\the-eLeQation of tﬁg floodplaig; 'éénée the
cuLvérts and bridges at theéé crossings ére‘ncf-designed to
handle largye flood events, water will back up, flooding the
areé upstream until the roadway i§>overtqpped.:

A combirnation of the hoﬁsfng deveiopméntg-gouth of
town,'the tack of an altuviét fan at the carycn mouth, and
‘the humhef of low caoacitx bfidges and culverts’conveying
the flow of water {n.Bozeﬁan Creek» would c}éate'a pnteng
tially hazardbug situation if the dam failed.

Aélsignifféaht body'of évidence péints:to‘the instaEiL-
ity of Mystic Lake Aam and to the severe potential of
property daﬁaqe and [oés.of ljfé in fhe,évént of the dam’s
failure. Tﬁe reﬁainder of thig paper 1; devoted to describ-‘ 
ing a ﬁodet to predic£ thé extent of ffqo§1n§ from the fﬁ;tf:

uré of the dam.




MODEL DESCRIPTION

Introduction

The-implementation of a model to simulate éhe taijlure
of the dam and the.movement of the floodwave recuirés meas-
ufeménts or estimates (whenAmeasureménts are not possibie)
of ‘the beha;ior of the real system. The real system can
never'be'mea;ured comptetely, and for that reason a model.,
no. matter how detailed, can never fully simulate the real
system (Zéigler, 1976)., A balance'muit be reached between
the cost of data cotleétion, ﬁodel implementaticn, and the
desired accuracy of the model. The cembinatieon of the best
available model and a realistic set of data requirementss, -
insures the best possible approximatioh of the real system,

¥Models can be bfoken into three bhasic qroups: physicals
symbolic; and énaiog. A,physiéat rodel is a representaticn
of the real system by a.look-alike.mbdel that shares dynam-
icatly simiLér charapteristics w‘th ihe natural system (usu-
ally with a reduction in scale). .A symbolic model appraoxi-
mates the real system by a "mathematical description o; an
ideali;ed situation that shqrés some structurnal Dropertieg
of tHe ne;l sy§temﬁ (Mfller and WOblhiser,.JQ?S, De $67).

An analog model 1s a h;bri& bétwe?n a physical and.a symbol-
ic model.’ The reél'system is depicted by a nétwork'of elec—

tronic circuits arranged in accordance to ecuaticrs {rom




through the_brgach;‘
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etectrqnic_theory' analogous to the equations.ffom a symbol=-

’ic model (Chpw,j1964).:

Since all. three types of models have both merité and--
drawbacks, what constitutes. "the best"évailablé model"” de-

pendstheavity on ‘the évaitability of'equipmenia previous €x- -

'periente of the modeller, and the cost of implementation in .

time gnd money, A syﬁbolic,modél {§'cohsidered-fhé hest
chdicel¥§r'thi§'sthdy based on the follouing rea;bné: fhe
availability of a diqital-coﬁputér:’préviOUS ‘experience wigh
FORTRAN‘drogfémmiﬁgf the'lack of expériénéefand equ%pment:to
qene}ate'an anaLoalmddét; and the forseeﬁ'diffftulties fn
rebrdducinq an accurafe scéle physical mbde(.

The description of the model is broken into two cecmpen-—

‘ents., The first simulates the development cf a timé—debend—

‘ent breach and the resul ting outflow'hydfqgraph, 'The_secbﬁd

component simulates the moveﬁent of the floodwave through

the channet downstream-from the dam.

Pam Failure

This portion of the model is also subdivided into two
sections. The first deals with ﬁhe'deVeLdphenm of .the

breach and the second dpproximgkes the cutflow hydroaraph
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Breach devetogment. A breach’ is the.openinq cceated Ly
,the failu?e_ofVa'damethcouqh which imbduhded'watec escapes.‘
There are two hajor types of bfeachesh;sucface-and'deep
(Yev;ev1ch, 19?5) A sentace bredch is .an cpeninq erodeo
1nto the crest of the dam.that altaws free-surface flow.to
'take'ptace,zéthe free-;urface-being the_air;watec ihterface)-
.(Chou'Aiéééi. A deep breach,invottes flow'pnder bceeeure
throuqh an open1nq below the surface of the re°ervo1r.--The)'
~type of breach is qenerally determ1ned hy the. mode of fail-
ure.."Surface'breaches arezassoc1ated with overtoppjng of
'-the dam by rain stocms: seiemically'inducea,settlement or:
'eeiches. anep breachee are caused by p1p1nc of the embahk-
meht matet1al or fa1lure of the outlet works (Yev;ev1ch;
19?5).1 Because_ef the compleg hature of deep bceachesi'ohly’
Ia surface breach fs:e{mhtated~in‘this'study.--The h;nethet;~
_cal fa1tere is induced by overtopp1ng of the dam. by a cain
stqrm:pfodycihg a discharge into the lake greater than the
épjllway‘capacjty (780 cfa).- The reservqir-%e'aesumed to be
_at_capac1ty at the t1me of. fa1Lure; Since ‘it ie imaossibte
to accurately pred1ct the.shape, of the breach'it is'aseumedv'
to‘take on'a'tcianqulac form with SiQG‘etobe of 1‘to,1.
Even thOugh most breaches devetop by proqress1ve

-eros1on (Yev;ev1ch; 1975, Fread' 1978), ‘the maJcrjty,ofr”
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modellers have assumed the breéch to be instantaneous and
.cbmplete (encompassing fhé ént%re.dam)' (§toker, 19048 19577
D(esgler, 19547 Q;é; Arm; Corps of Engineers, 1957, 59607.
1961; Vasiliev' 1970: Thémas, 19727 Sakkas .and Strelkoff,
1973; Yevjevich, 1975 Glass-and otherss 19765 Gundlach anq
.THomas) 1977; Rajér, 19787 U.S, Soil Conservatiéﬁ Services
19?9) "}he assumption of a.-complete éhd instanianeéu;
'breach' wh1le be1ng attractwve for. mathemat1cal §1mpl1c1ty,
is nof.real1st1c for the s1mulat10n of most dam fallures.
This s especially true.in the case of earth-fill dams
wh1ch requ1re a‘f1n1te amount of time fo} the bhreach to
aftaia'its final'si7e (Fread, 1978) Other 1nvest1éators
-(Ballo%fet'and-othefs, 19747 Fread, 9?8;.1980:.Frgad and
Harbaugh, 1973), while re;dgniziﬁg'the'imporiance of timg'in
the'déveLopment of the.breach' aﬁsumed a'ccnsfaﬁt Fatéfof
e?os%oh. | |

In,éhis méoelithe rate of breach erdsioh-is‘gs;umpd to
incfeaﬁe exponentially as a‘fuhction of fime. Figure A
ilLust}ates the devetopment 6f a‘time-dependeht' trianqular
surfneé'hreach. fhe area of.tH; Breach'af'any'time steps
may be expressed.as:"

Areca = Breach Depth’ : o o (1)-




T =Time
BDn= Breach Depth

BAN= Area
Figure 6. Erosional development of a triangular surface breach through time.
The breacn depth (BD) increases linearly with time while the breach area (BA)

increases exponentially as a function of depth, (BA = BC2).
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The breach area, therefore, increases exponentially as a
function ot depth. The breach depth, on the other hand,

increases linearly "as’a function of time:

1

Bréach Depth = Time .x Dam Height/Failure Time (2)

whehe the ratio of Dam Hewqht/Fa1tbre T1me estabtwshes the .
rate of change of the breach depth in feet/sec, The maximum
d1mens1ons of the breach are governed by the dam hEIth or-e
" the depth'to bedrocke It 1s assumed that 9nce the base of
the hreach has reached bedrock downcutting will cease, Lat;
'eral erosion would continue until the'flow veloeitY in the
breach decreased.' However;.foh‘sjmplibity, this factor is
igho;ed.' The ¥ailuhe time'fbr‘Mystib'Lahe'dam; bsed'in
equatioh 2, is estimated ‘to be in the renge of\S'to.1O7ninf.
utee;‘based o the fb(lowinq‘evidenqe. Buffalo Creek dem:
an earth-fill structure o* comparable size., Qas bvertobped
by a hain.{nduced floodland failed in approximately 5 mﬁh-
utes (Fread, 1978), Also according fb'Fosfer'(CHZM-HiLi,
1980, b; v):.fthe dam is_consfruc;ed'of'materjals thab woulao
quickly erode and fail'when overtopbed by flood-waters
Sased on ehese two.lines“bf.evidence the estimated faiLghe

time seems reasonable.
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Breach hydrograph. . The discharge from a breached dam

plotted as a.fdﬁction of time is known as a,breéch
hydrograph. In onder,to'sﬁoh the'effécts qf flooding'¥rom
the-fai}ure of Mystic Lakeﬂaam, a.brgach hydrograph mﬁst se
génératgd. |

. Prevfows investiqators'HaVe assﬁmed the flow through- a
brea¢hed dam could-ée apb}oximated by the equationé désccib-‘
ing brdad;crested'weir flow (U.S. Corps of Eng{ﬁeers, 1957, .

1960; 1961; Fread, 1978; 1980; Fread and Harbaugh, 1973)..

‘A major.problem with this assumption invol ves the tength of

‘the weir flow channel. The breach channel not only in-

creases -in depth through time, but increases in length as~

well/ eventuélly attaining a length greater than 200 feét}'

According to_TEacy,I195?, Pe 2):

for very small head-to-length ratios, the weir
crest becomes a-reach of open channel in which
frictional resistance predominates, and for which
the discharge is more properly evaluated by one of
the open channel flow formulas than by a weir
formula. S -

The flo&_through_a breached dam is classified as grad-

uatly to rapidly-varied, unsteady flow becadsé‘fhe'Velocity

varies with time and space. ‘However}'for‘simplicity, un-
steady flow can be .treated as steacdy flow if the change .in

the flow conditions over the time step 1s neqLigﬁbLe;(Cth,
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1959). " Manning's equation for steady flows, used in this
model to approximate the'qutflow from the breachs, is written

ass

Q= 149AR/35/

where Q.is tﬂe dischargé; Afis the cross-sectional area, PR
is the'ﬁydraulic radius, S is thé.channey slope, and n is-
the Manning'®s roy@hness cpefficieAfg
Using Manning's egquation, the discharée fﬁ cal;ulafed

as a-function of the gffective'area of flow in the breacﬁ.
As the breach area increases,.the discharge of watér eséép-:
ing throggh the breacﬁ {Hcreases as weil’:causihg the lake
-léQeL_in the,re§ervoir tétdecrease. Figure ?'ftldstrates.
tHe development of.the breéch aréé (8625 and thé drép in‘fﬁe
:lake_level'(AL) as a function of tjme.' The dif{eﬁencelbe;
tween the elévation of the lake tevel and the bééelof the
.breach; at'a éiven bsint in time'(F;g..?), definegitho depth
. of flow (FD) aﬁd the effgctivé area of fLoQ (fD?X; |

| 'Tﬁe lake level qt a6y.b§int in timg (Fige 7) is a func—"
tion of the discharge. during the prévipus %ime'Step.. Py.ex—
‘pfeségnq.the léke'LeveL as é-%&nction of the reservoir vol~
ume (Fid; 8) the take_level can be Qefefminéd'a§ a function

of the discharge. The discharges,  in turn, is a function of




CcO
Cco

T =Time
BDn =Breach Depth
FDn =Flow Depth

Ln=Lake Level
Al =Change in Lake
Level

Figure 7. As the breach area increases with time the discharge through the
(AL). The depth of flow (FD)

breach increases causing a drop in the Lake Level i .
and the effective area of flow (FD > at any time step is defined by the lake

level (L) and the breach depth (BD).
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RESERVOIR DEPTH-VOLUME CURVE

Figure 8. Curve defining the volume of Mystic Lake as a
function of the reservoir depth. (From CH2M Hill, 1980)
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S

the effectwve area of flow deftned by the take level ana the

breach area. The relatxonsh1p between the d1scharqe and- the.

‘lake level is such that the lake level mus t be.known in -

order to calCUlate-the dischargem

.A'"known“ value,for the lake level oan'be,apprqxiMated

1hy prOJect1ng the chanqe in the lake lPVEL (AL);'(Fig, 7)

from the prev1ous t1me step to calculate the lake level at
the,present time $teps
=L k : 4.l- - k “Lev « A .=: 3..0 ' l'
,aL | ake Leve:1_2_ La e Level1_l “1 20 n ‘t ?
Lake Level{ = Lake Leveli.l_- A )

For example_1n f1qure ?, the lake level L3 can be oro;ected

.by subtract1nq (AL), the d1fference between the lake levels

Ly and sz from the lake Llevel L3. " The -"known lake level

BRE3 then used to calculdte the. effect1ve area cof flow and the

correspond1nq 1nstantaneous dxscharge from the breach
' The total d1scharge from the dam is the sumr of the _

flows contr1huted by the 5p1llway' outlet gates and the

" _breach. The depth c1°charge rurves for the: sp1llway and the
outlet dates are 1llustrated in- f1qure 9 By averag1nu the

‘the d1scharqe calculated at the present t1me step with the

d1scharqe from the prev1ous t1me step, the- volume of outflow

_:over the ttme stepzcan be computeu. The result1nq decréase




DISCHARGE (CFS)

SPILLWAY RATING CURVE

8
DISCHARGE (CFS)
12 & 16" OUTLET PIPES RATING CURVE
figure 9. Rating curves of discharge as a function of depth

for the spillway and outlet gates. (After CH2M Hill, 1980).
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.in'thespake.Level can be read from the depth*votqme'edrve -
(Fig. 8). An iterative scheme és'Used to‘test'the lake
level comouted from the depth volume: curve (Fig;‘é) against
the prOJected Lake‘level “from ‘equation 5. 1f?the~dfffehenee
between ‘the prOJected aed catculated Lake'leeels does nof
fall within a toLerance llm1t of 0.01 feo;; afhew-AL is '
tested until the difference %S‘negtigible,' . |
IA"hypotheticaL outflow-hydrograph (F1q. 16) is.denere~
ted for Myst1c Lake dam us1nq the fotLow1ng assumpt1ons and
initial conditions: a failure time of 7.5 mﬁhutes' a'time
”step ef S'seeonds' a Mehnﬁng's n for the breaethhanneL_est§
ﬁmsieé to- be .OA7;‘the ihitial Lake (evel.at.the"dam-ceesfl
end the ieflow into the lake equal to 1000 cfs. :The peak
eiséharqe, 83)500 cfs' agrees closeLy with ;esulfs ohtained.
from an eouat1on deveLoped b/ K1rkpatr1cx (ﬂ9f7) *or‘cempu;
t1ng the maximum d1scharge through a breached dam; He
arr1ved at th1s equat1on by plott1nq dam hesqht versus neak
d1scharge from actual dam fa1Lures. The equat1on.for the
straight line through the points:
, _ _ 1.85 S : )
Q@max = 65 x Dam Height R C(6)
;{elds an,eStiméted peak disqﬁamée of 83rBOG-CfS.fOPHMyStiC

Lake dams, with a crest height of 48 feet.
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IN CFS

DISCHARGE

35.00

TIME IN MINUTES

Figure 10. Breach outflow hydrograph from the hypothetical
overtopping of Mystic Lake dam. The peak discharge from the
failure, 83,500 cfs, is reached in 7.5 minutes.
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Downstream Routing

Intr'oduct'ion° Hav1nq developed a t1me-dependent sur-
face breach and an outflow hydroqraph for hystlc Lake damo
the rema1nder of the model descr1ot1on 1nvolves rout1ng the
floodwave downstream; Accord1nq to Chow (1664, sec. 25, be
35). flood roufidg is defwned as:

the procedure whereby the t1me and magnwtude of a .

flood wave at a point on a stream i$ determwned

from. the known or assumed data at one. or more .

po1nts upstream.

The enumeratioo and .comparison of "all flood'routing me thods
is beyond the scope and purpose of this study. - For this

reason,_rouping methods_willfoe disoussed and EOmpared only'

in general rerms.._For an in-depth evaluatjon; the reader .is

"directed to: Thomass 19345 Gilcrest, 1950 Chows 1959 19647

Yevjevich, 19647 Brakensiek and Comer., 1965; and Miller and
Cungesr 1975..
The downstreém'routinq section of the modeL descriptﬁom

is-divided into two pbrt%ons.f Firstp the’ cr1ter13 for

-choos1ng a flood routwnq method are d1scussed: followed by a

descr1pt1on of the numerwcal techn1ques used to’ solve the

'rout1ng eouatqons.
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Selection‘of a routing method. Flood Eoutinq méthods.
fatl into fwo bqsic,categories-hhydragt{c and hyﬁpotdqic.
The hydraulic methods'are‘bésgd on the complete equatioqé of
‘uﬁSteady fld@ derivéd-hx de:Saiht-Venant (1871i., These
éégatibns arise from the laws of.conéer?a;ion o% mass and’
~momentum apptied;to‘open channel flow. _Maiter.{é a.form of
energys, and as such, conforms to the laws of conservation,
The éontingiiyjequatioﬁ for xhé consérvatiqa of mass' is
P?pressed as: |
0Q. , 5A ' ‘-‘ T .' : l. (75
wheFe Q:{Q the djsbhargé, A is {He_CEOSstectﬁoHal area,.i
is the.distadceg'f is the tfme,'and q ¥s ghe Laperél'inffow
ar iout flow per unit streém tength (inflow is-ﬁﬁsjtjve'and
outfloﬁ is negat;;e); Enuatioﬁ 7 ;fates that a}f;heAQiSf"
.charge vafges.wiﬁh:distancg at a rate aolpx, the.crosﬁ—soc-'
tional a}ea of floQ.musti¢hange Qithﬂtime at qlﬁatg aA]at.‘
‘Sihce,water is incdmﬁrg;siste; the net change {n‘ihe dis="
charée dlus the ch;nqe-iﬂ the area is zeroe aﬁd'tﬁe.totat
. mass of fhe system-remains uncﬁénged (tﬁowﬁ‘1559);

.'It'{s cohveniqnt to fe-wrjté.equation'Y so thal the
change in area aA(a} can be g;bfessed as a fgﬁ;f{on of depth

(Amein and Fang»_f@?O); Equation 7 then becomess
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9X
where y.fs #he:dépth and B is thé tép width of thé stream,
defined as the'derﬁyafive.dA/dy. |
Not only mustithe mésé of thé system be conserved but
the mbmentum és weli. The momentuﬁ equation aécounfs for'
fhé‘qﬁangé iﬁ'the energy.of the system due to 'the the

effects of friction and acceleration, and is expressed as: .

ot * Tax gA[ax R 2 2

where g is the gravitational .constant, 'S, is the channel

bottom slope, and Sg is the friction slope evaluated using

Manning's. equation:

5. = n2Q - | I o
2.2 2 R'/3 e ~
The derivation of equations 7=9 is foqndf%n the fp(iowinéu
referehces;lde.Saiﬁt-Venant; 1871, Gilcrests, 19507 Chowe
1959; Amein and Fang, 19707 Liggetts, 1975, |

While the'hydfaulif methods are based cn the complete
quafidhé'of'unsteady flows thglﬁ;drologié uefhéds bfeséni.a
more éimplﬁfied-approach‘toltﬁe:problem;-'Oﬁly the coﬁyinqj
ity equgtiba is ufilized tﬁ appro;%@até the béhavior.of tﬁe

‘real sy§tem, The effects of acceleraticn and frictional

ﬂ él..'= . h - : y
+.Bat q=0 | : &R
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re§§§tance gccounted for in the momentum eguation are
igﬁo?ed (Miller and Cunge., 1975).

The choice between the.two routing methods should ﬁe
gpvefned hy‘the fotlbwing copsidenations: thg éccuracy of
the eguapibhs in nebroducing the behaviof of the realusys-
" tems, the ease of Eomputations in arriving at a soLution; and
the amount of computer timé reauireﬁ to perform the simul;—
tion. 'Because the hydrolOQie method uses orly the continu-
ity equation, it can be applicable only in situations where
the effects éf‘acceleratién and frictional resistance are
.negligible (Fread., 1980); The rapidly-varied unsteady flow
associated w%th dam;bneak'floodwapes has appéeciable<accel—
eration effects and cé&not be descr%ﬁpd by -any hydroloqic
met hod (ﬁiller and Cunge. 1975). The onty way to success~
fully model these flow conditibns is witﬁ 5 hydraulic method
utilizing the complete eaquations of un;ﬁeqdy flow. The
hydrauticlmethods yield a ﬁbre aqéur;te recresentation of
thé real system., but.at the cost of rigorous éomputations
and increased coﬁputer time, Equatioas 8-9 constitute a
system of non-tinear_hyperbolic pértjat differgnfialvequa-
tions. The indepeAdént variabLgs éoﬁgéiﬁed in-the.equatiohs

are x and ts the debendent variables are y and Q; the

remain{ng terms are either constants or functions of x» ts, vy
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t

“and/or Q. This system of eauations cannot be solved by ana-

lytical methods}'fhelonly altérna;ﬁve for solution is the

"utilization of numerical -techniques.(Amein and Fang, 19707

Fread, 1980).

'Numericat solut1on. There'are a large ndmber.of nu-

 mer1caL methods' but only two are aopL1cabLe ‘to hyperbol1c

part1al d1fferent1al equat1ons, the method of character1st—

ics and f1n1te difference methods (Ligqett and-cunae; ]975).

‘Hecause of the complex1ty ‘of the character1st1c methoda only

f1n1te d1fference methods wvll be- analszd and compared .

'Further 1nformgt10n concern1nq numer1cal mathods and the1r

aopl1cat1ons to flood rout1ng may be found in the follow1ng

references' chhtmyer, 1962, Brakens1ek, 1966, Ame1n, 1967'

-qugett .and. WOolh1ser, 1967: Stre(koffp 3070, Vasitievf

1970 Abbott; 1975. nggett and cUnqe, 197>: Vasiliev and’

_othersas 1976

'Of the availahle finite’ d1fference schemes, the two,
mo st comménly used in-numérﬁcal flood routing are the .

expt1c1t and impLicit-méthods; 'The decisioﬁ to embldy an

'lmpL1c1t method was based on the cowclusxuns of previous In= .

vestwqators (Abbott and Ionescu, 1967, Am91r, 19677 1968,

qugett "and WOothser, 1967, Ame1n and Fanq, 1960‘ 19?0:

Chaudhry and Contractor; ﬁ073, Pnjce, ]974J Ame1n and Chu;




44

1975/ Greco and Panattoni, 1975; Liggett and Cunge, 1975;

Miller ;:and Cunge. 1975} Fread, 1978; 1980:'P0nce‘and others,

1978). Accordihg to thejr findings, the imp[icif methods.,
although more difficult to uses are very flexible and can

. handlé unequal time and distance steps. The implicit

met hods are also Uncondi;iona(ly stabl® and are npf restric-

yed to very smal¥‘tihe-sfeps (ike.tﬁos;-réquj?gd fpr the ex;
Nplici¥ échemes. 'Staﬁiliry heéé‘fefers to the ﬁnthoductién
@f ‘errors into the-sélution progedures.- A [arééAtfme step’
.Q;ed in.aﬁconditionéFlf stable gchémea'lﬁke the explicit
ﬁethbd,'Causéé small errors to g;qw:exponeﬁtiafly until' the
cémnutatjon “bloy;—up?. The jﬁpffc#t mefhod; gEing_u6c6Hdi;
'tjonailyfs£5b}g; éllowsffpr tﬁg se[é;fion'of a time step.
dovérned,bnty hy‘convéréende,. The aoqéept'af ﬂonvgrqéACQ
“imbliés“that as:Ax and At époroaéh-ze}d} the compufation
 tequ towards an éxaéf_golutiop (Freéd;_19?4a;=qugett and
‘Cunges 1975?., Hbﬁévéra'és Ax ahd.Af becomg‘;métlééﬁ thé
.roundoff gﬁ?or ihcfeases (D;: ﬁyresén, br;leOmmun,o 1§81);
"0f the Qar#ogs imbLipit gcﬁémés évaitabie"for use, the
'Qeighfed.fq;r-poipt ﬁethod de;eloped by éregsgmanﬁ §196i) |

“and uégd-b9 Amein and Fang (1970), Chaudhry and antractor

(1973), Greco and Panattoni (1975) and Freac. (15787 1980) is

considered the best implicit method for thisisfpdy'beESQSe

. PP SR
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nf ite.ahility to model etream; with variaofe'eross~sections
and oed'elope. | o
The foor—point 1mpl1c1t scheme numer1cally solvee
equataons 8-9 by replac1ng the part1al der:vat1ves with a
correspond1ng ‘set of f1n1te dlfference alqebralc expres-
sione. The solut1on of the algebra1c express1ons.are scught
oder a d1screte t1me-d1stance gr1d 1Llustrated 1n f1qure 11.
T1me l1nes are drann parallel to the d1stance ax1s, w1th
'Spac1nq At, wh1ch need not be constart, and.are des1qnated
by the superscr1pt jq The distance l1nes' parallel to the,h-
t1ne-axt51 represent the‘locationgfof_croSsteEt;ons along
‘the stream with spaqinq Ax, which.also.need not pe constant,
The subs cr1pt i identtfjes'theiépattal Location;:.tocation
=1 is the-upstream boundary and i=N'ié'the downstream
boundary. :The grid po{nts or nodes-at.the'interseotjonsyotl
.the time- d1stance ‘Lines repreqent the ‘points in time and
space where the solutlons for depth and d1scharqe are
soughtt |
Der1vat1vee 1n the:weiohted.fcur-pointpjmplicjt,§chemé
are represented by the fottow1ng algehra1c'ekpresaions Qhere
'K represents any var1able. The t1me der1vat1ves are approx-
imated dsing a forward d1fferenre quottent rentered hetween

.nodes i and i+1 along the distance ax1sr

P
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The spatial derivatives are also approximated by a for=.

ward:diffecence'quotienx, but its positfbn between tuo adja-
‘cent time Lines, j'and jflr is,controlled'byftne'ueighting
factors ©O and'ﬂ-O:

~ +1 i+ o v
. KJ 1 KJ Ly ol
oK _- i+]1 ~ : -
X 0 f—————j—f——f + (1-0) : - (12)
S AX . SO ¥ '
weﬁths the influence-cf fne.values on the two adjacenc
time lines. -When 0 is 1;0 only the values on the-j+l‘tine

line 1nfluence the solut1on and a fully implicit or packua?c

'd1fference °cheme results (Eread, 19?8) 'HA'ueighting'Iactcr'

of O 5 y1elds the box scneme probosed by Ameln and Fand
(1970 which equally weights the ‘values on toth time l1nes.
The-influence of the we1ght1nq lactor 0..on lhe accuracf of
.the computat1ons uas‘examwned by Chaudhry and Contractor
(1973), Fread (19?43) ‘and Ponce and othecs (19?8) . They
concluded that the accuracy drops qff as 0 deoarts fron .S .
and approathes 1.0f A value ofﬂO,fefor 0 m1n1m1zes:the‘loss
of acCUracy (Fread; 59%23; T@?é), and“reduces ihelpseudq _

1nstab1l1ty reported hy Chaudhry and Contractor, 197%).
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Variables other than derivatives are evaluated at the

same location

. KJ+1+KJ+1 o KJ+KJ
K"= @{____.___lf_]'.] + (]__‘_@) [_____._lil_

in time and

2.

2

" When the derivatives and other variables

8 and 9. are

equations - 11

replaced by the finite dffférehce'obenatbfs from

“through 13,

finite différencé eqdatiQn$-are:obtainéd:

j+l
o [Q1+1

. AX

AX

| j' J+1]

RE

.. (1-@5 [

J J v J+1 +1
B1 * B1+1] [y1 y1'+1

: 2"At

.. '.2

- Yidl

s

the following four-point

j

j"*',ll -‘ ‘ J J+1 J+]_
G O ]'+ (1-0) [————-—QHl _ Qi}-+ { o .[_—-*—————B — BHl]‘

shace.as:the derivatives by:

(13)

in eguations

implicit

2

- q

=O .“| “

) j*ll
| [‘Qi

. 3 '

1 gi |
Q1+1 Q1 Q1+1} + 0
2at : |

(1-@) [

. AJ AJ 3
-(1-0) {__:;_lil]

<Q2/A)§}'
— +4

ax

J*l
o‘ y1+1
2

[(QZ/A)J+1
Co-

+
yJ 1 :
L+ (1-0)

AX
L
{Ai

~2 .

(QZ/A)J+1]-

J+1
A1+1

i
A [‘yi ,

L

+ .

+1 ¥1 .+f‘
AX -

(14)
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where - all var1ables u1th the superscr1pts j are knewn: uhile-'
"those wjth superscr1ots )+1 are unknown; |
Unllke the.eXpllcit system whene unknawn-values:are ex-'
'trapolated from a prev1ous t1me sten' thezfour-noint {mpli-
cit method salves for.the unknowns on the next tlme line. by
a Neuton-Raphson 1terat1ve'scheme (Amein and Fangf{j9697
Fread; 1980) AssUmlng‘that all varwables at~each none

‘

'along the t1me l1ne 3 are known f.rom 1n1t1al cord1ttons ar'
',previous_computat1ons’ tn1al values for the unknownsﬂat ) +17
are establ1shed equal to. the-known values at je 'These; wm—
'nl1ed" values ‘are tested by evaluat1ng the ront1nu1ty and
menentun'eauations; 14 and 1S'Iat powntbw 1n each of the t- Q
gr1d ‘blocks. Equat1ons 14 and 15 cannot be solved in a
d1rect manner because there are-only two equat1ens “and f0ur'
unknowns. Howeveh' any.twd'neighboringfgrid bloeks share
.two unknowns in.common, * S\nce-there are N nodes or t*nss--
-sections along the d1stance ax1s'.there are N 1 qr1d blocks
_with N=1 1nter1or poxnts Mo Hy apply1no equat1ons 14 and 15 .
.s1multaneously to po1nt M 1n each qr1d blOCKl ‘a total of

2N=2 equat1ons for the solut1on of 2N unknowns result. Tun. N
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‘addipion;l.enuations describing t;e'debth-dischérqe refé-
tiénshibS'st the upstream énd'doungtream ooﬁndamies coﬁﬁlete
the system ofﬁZN'simultaneon equations. ‘When the stream
flow ig:subérEFificaii flow:afsfurbqncég:éanhotlgraQéL;upf
"ﬁfrgam{ thgééfore thé aownstreém boundary Sefgﬁps shpenflu—
ops;. Instepd'th boundary qpnd}ﬁib&ﬁ.ére redpifed'at.tke \
upstreém bouﬁdaryl(Freéd,.i9ﬁ05. Ififhe flow {;-%chrit%—
cale the_brgach'di§chqrge as ; fbnctjon'of tim%lgst{sfiéé
,fhe ypsﬁ}eah'bouhdary-con@ition,‘whfLe a% ecuéti6;7foritﬁe_'
dépth—éiscﬁérge fafing-cp(vé.fuifétlé the dpwngtream'bduhdr
:aFy conditiqn.  |

Thg'?N sinultaneous epqatioHs can ‘be readily solved by

. representing them {in a matrix configuration (Aﬁéin:apdzfang, :

ﬁ1§69; 19?55 Frgad,'ﬁQJBé %OSQ)."Thcee msr¥3;§§léi‘R-ahd S
(Fig. HZ}Té;é éébér;teq;_ A.%g a éoéffigien; matnfg béhposed
"of partial derivatiyés”of each.equationIQYtH fe;pepf to cach
'»uﬁkﬁown'jn'ihe eduatidn, .Métriﬁ'R'%s.a-v€6for c%'feé{aﬁats
from the sniinon.bf }Hg gdHtﬁnuifylan&“ﬁohenthﬁéqugx{;ngt
ét-péinf M.iﬁ eacg_bf tﬁe:éfid blocks. The Spldfinﬁsvpb;or
1Sfc;n bévggtainéd‘by a vaFiet; af'ﬁét}ix;mahinQLations such
as the Gaussian él}@indtjgpfof'ﬁ;f;}i"?50cf§imn‘(Aﬁginféﬁdf

Fang}-1¢69).' Gadssianfefimfhatfoh;ﬁs the fir%i'methgd '

taught'in~béginnin§fétgebra“fpf fhe:shqujdn,of simult'anedus
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Figure 12. Matrices A, R and S for the solution of simultaneous equations. The
elements of matrix A are the partial derivatives of the continuity and momentur
equations with respect to the unknowns @ and y on the time line j+1., Matrix -

R is a vector of residuals from the solution of the continuity and momentum
‘equations at point M (Fig. 11). The solution vector S cortains the residuals
from the trial values of Q@ and y on the time line j+1, Co :
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equat1ons (althouqh most teachers merc1fully om1t the name ).
:Unknowns are el1m1nated mathemat1calty ‘until the system is:
‘reduced-to one equat1on and one unknown. The‘remaininq un-
.knowns are then caLculated by baek 5ubst1tut1on (James and
otherss 1977). | - |
The valoes in theusotution vector S are ree;duals from

.the trial Vatuee of'the:onknohn deoths:and'discharges. Si’
53;”55 _~b:;'and so ony are the_depth'residuals.at cross
éectjons‘one,-tho and three resoectiyelywn Séa'SA' Sg o o
and so on;.are the eorrespond{ngidﬁséharqeeresidoalé for the .
,same‘cross sect1ons;' The range of the»e values are ‘tested
JwYthin a tolerance Llimit of 0. OS foot for depth; and SO
cts tor d%scharqe, If any of the. vaLues fall outsside the
specitied.range' eachtresﬁdpal is added_or suhtracted'
(depend1nq on 1ts sian).to its 6orresoondtnqL0nknown vaiué, ,
These corrected values are then used to qenerate new ma-
tr1ces A, "R and S and the. orocedure 1s repeated - udt1L the
residua[s "zero-out";.'Once.the untdowns'on the’j;1 time
l1ne haee been soleed: theyhnow'beeone'the ?known"'values
and the t1me step.1s 1ncremented by At. :'wdthveaeh change .in
the time steps a new Vatue for the d1scharqe iS'eatculated
fron'the breach hydroqraph at the-uostream b0undary. _Ihe.

whole procedure of establ1sh1nq tr1al values, qenerat1nq
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matrices, "zeroihg-butf ghe residuéls and jnqredenting the
time step is repeated until }he flood has beeﬁ routeo
thrsugh“thé.channgl.

Data requ{rements. In order to solve the equations of

u&stéédf flow gnd:ssmulgte the‘hovement pf the_wave~downj
'stream, all variables and their inték-relaribnshipé must be
known dr'assumed ;t-boiﬁt; a(éna thé stream channel;

| vThe.first gtép is,to_qéfine ﬁhé geometry of the strea%

channel with a series of cross-sectional prcfiles perpendic-

. ular to the diréction of flow. The profiles are drawn using.
survey data ori'when costs are préhibative' a 1:24,000 scale

map with a 20 foot ¢ontour interval (Glass and o;hérs,'1976:”

Fread'.1978). In this study., hrofﬁlés were, acauired from
bothidatd_soqrces. "Cross-sections .in the canyon were taken:
from-a 1:24,000 scale map, and those from the canyon mouthn’

‘through Bozeman were obtained from U.S. Soil Conservation

Service survef data (R, Bergantiné, personal Eomhun.,-J981);,

~ The cro§s-seéti0n§'ygre established at point;,of "inflec-
t{on" (Fig. 13) to fecord any changes 1in the.geometry:

jTﬁe area ééyeach Erbsstection is blop?eﬂ as a funct{on
of déﬁfﬁi(f(?)), (Fig. 14) and is'representéd by a ;Hird‘

ordef,polyhomﬁalﬁ
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Figure 13. Channel configuration showing cross-
section locations at points of "inflection".
DEPTH
Figure 14. Cross-sectional area f(y) as a function of depth

for any cross-section A-AlzB-B1l or C-C' (Fig. 13).
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Area .= f(y) = a-+ by + cy dy . ) o L16)°

where 9 fsﬁlhs'dépth,ana a; b, ¢ and'd qhe éoefficients;
lhe cosffisiehls afe‘célculsfsd by solvihq 4 eqqatlors,lin
the formhof equatisn 16,_simultanéousty td_a mslrjx cdnfig;
;uralioh:lhiq..15);: The valﬁes in ths'SOluljon QettOr S, are
.'thé cqeffisiehts a;ﬁb; c”and ds obtained hv Gaussian elimi-
hatfbh, | | o |

‘Where the stream flow d%vidéshérqund.an.islqnq.(Figf 16
‘~A, B), the totil\dlsshardé.Q is hrokén‘jhtn cohpqhénts.01
and a2, aﬁd'thé'tbtal aheé A‘;n;d Al adeAz <Chow,,19$9.

Baltzer and La1' 1968; Cunge., l@?S); 'fhe~ﬁhole'be1ng,ﬁbqal

to the sum of the parts allows the b1furcated channel to be.“'

trsated as a single cross sect1on and, represented by a
s1nqle depth area.curvs;. Once the.crsss-septlon posytrbns
have been determ1ned' the total stream lenqth fS‘represenfed'
by é series offréachés with length Ax wh1ph-need'not‘he.. |
.constanf; |
The rap1dly r1smnq hydroqraph assoc1ated w1rh the dsm 3

fa1lure (F1g, 10) can: cause problems of 1nstab1l1ty and nqh—;
converqence even when an 1mpl1c1t techn1qhe-+s emplOyed. ‘
(Fréad' 1928)...H0wever; these computat1onal prohlems can, ha

overcome by the>proper relectnon of the t1me and d1stance
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Figure 15, .Matrix‘conffgundtion for thé'solufién of ‘the
déoth-area coefficients. The elements of matrices Y and.A
are the values of depth -and area from the depth-area curve

-in figure 14, The values in the solution vector S are the

,coefflcwents for a third order potynomial. def1n1nq the
depth=-area curve 1n f1gure 14. -
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Cross - sections

B. Profile

Figure 16. Map and profile view of flow division around an island. Thet
discharge Q is divided into QI and Q2, and the total area A into Al anc A2
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‘s;éps. ‘If the tjhe_stép is too:smali, or éﬁé diéfancé step
.too-{argé.felative fo the'changezih t he discharée: neéatige
dgpths‘tend Fo dgveloplin the viciﬁity of thelﬁs§e frant
.causing the.combutéﬁ%on'&o "blow-Upf; By increasing the
'tiﬁelstep and/or agfreasing the'distahce épep by {nsertihg
additioné{ cross-sectibn;: these prob(émé disaﬁpear#J How='
.éverw if the time steﬁ'js nade too Large}lthe"hroéédure‘
faﬁlsléd cbdveﬁgg; |

:éecagge the.dﬁm—bfeakfhydrbéraphﬁis‘{QCY'ﬁéaked: it

.tends to dampen and flatten out as it moves downstream. .

This béing the cases the time and distance steps are altouéd

to"inc;éasé ih the downstream dirbction.f.Fread (1974a) pro-

posed a guideline for. the selecxioh of the timé-step:'

M = Time of Peak Arrival -/ 20 . QA7)

. As the flbodwavé'advénces' At increases because the arrival
time of the;péék increases at locations further and further

downstream. The ihcrease in the time step- allows the dis-_

tance step to iﬁtréase qradually-ffgm 100 feet at the dam to

1200 feet .néar the doﬁnstreqm'bquhdary.

The initial conditions .of depth and dischdkgé at each

cross~section must be known at ‘time t=0 in crder to.sclve .°

the'uqsqeédy flow éqbationé. .The discharge at each-cross=-
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section i is calculated as:

4 = 0y *ayq i22,%,400un (18)

‘where Ql'is the discharge at the dam.before the failure from
the spiltway and outlet gates., anq ap . is the lateral inflow
or outflow begween sections i and i+1. The lateral inflow
cqntrib&fed by tributaries or overlanq‘flow would.be sig-~
nificant, however because of a lack of daéa' it gs assumed
to be zéro. Infiltration Losses'due to inundétion.are con-
sidered important only Qheq the iAundated areas are.lafgﬁ
and df; béfo}e the flood‘wave arrives (Cunges, 1975), ' If £he
‘dam i1s overtopped by the d1scharqe from a heavy raintall,
the ;reas along the stream channel will be saturated and the
losses due.to.1nf1ltrat1on will be neql1q1ble (Cunqe, 19?5),

"The depth at each crossrsgct1on is calculated by an if-
erative scheme known as the stanéard step—backwater'mefhéd |
 CCh6w, 19597 19647 Bailey and Rays, 1966). Figure 17 illu-
strates a‘qhaénel'reach of lLlength Ax., Equating the gotal’
heads at the end sectiéng 1 ana 2 (F%g. 17), the téfa[

energy of the system may be written as:

V2/0q = 2 o .
Z1 + V1/2g =1, v2/29 + hf' o _(12)
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A
Datum
Figure 17. Longitudinal cross-section of channel Ilength
to illustrate the terms in the standard step-hack water

method. (From Chow, 1959).
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where Vl and Vo are the velocities, g is the gravitational

constant, he is the friction loss‘expresséd as:
he = Sg Ax : | o (20

and Zl §nd 22'are the water surface elevations:

~N
1]

P Tyt o en
2 =Yy * 2 L G

“where zl'and.zz are the channel bottom eleyat{ons.'

A known depth at section 1 énd a trial depth gt section
2 are énteréd into equation 19, :The.deoth js tésted and
correﬁfed.until éhe residﬁal.d{éappeérs. Thghdepth.yé then
becomes th; known and'g new depth is solved for at the.next
section. The direction in_ghich‘the computati&ﬁs are car-
ried is governed by the reg{me of flow iQ the channel. If:

the flow is subcritical the computations are carried up-

stream; 1 f superpritﬁéal they are carried downstream (Chow,

1959).

The calculation of the friction slope Sf’ used in the

backwater calculation, requires an estimate of the roughness

coeffiéieht'n. Manninq's'n is an empirical coefficient: to
estimate the resistance to flow in a given channel (Chows

1959; 1964). Furthermore, Chow (1959, p. 1C1) states:
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.the greatest difficulty Llies in the determination
of the roughness coefficient:-#; for there is no
exact method of selecting the 7 value. At the
present stage of knowledge, to select a value of
‘%, o . is really a matter of intangibles o « « 7
for beginners,. it can be no more than a guess . . .

.Reasonable_field'estimatéé of Manning'sTm,“(;0454;085)' from

tables conté{ﬁed in Chow (1959; 1964) and photo comparispﬁs-
from Ba;pés f1§6??; yielded uﬁfeéspnably Low vélués}fcﬁ the
fricti06 s1ope S¢ aﬁd the friction loss hf;:‘ln_g.stream:f
tﬁat_hé§ réaghed a stésdy_gtaté} i;e.;:tﬁe rafes of {ﬁdéft
and“gxpgrt of m;teriél:and.ehengy'arq balancéd (ﬂor{§éwao

1968), the friction slope can be assumed to be.equal to thé

bed slope (D. R.,ﬁReichmuth"orat commun., 1980). By set-

ting.the initial friction slope equal to the bed- slope.
Manning's -7 .is back-calculated using equaticn 3 for each
reach of the stream. The #n values for the upsfream reaches

are extremely high due to the steepness and irreqularity of

the stréah bed. Mofeﬂenergy is diséipqted in a stream witH,
a .steep slope and “drép-structureS".(wéterfapls and pools)s
‘than in a stream with a mﬁld: uniform slope. 'The increaséd

. energy loss must ‘be accounted for .in thé.ﬂanning'iriction

term-(b.nR.,'Reichuth{:oral cOmmuhév 108Q){




COMPUTER REPRESENTATION OF THE MODEL

The mathematical equations from fhé previously
described model are.representeq in a FORTRAN 1v cémputer
program listed in Appendix II. -In order to ingure'the read-
ability of the code énd‘to retain thé st?ucture of tte
ﬁodeli the program is divided into 3 modules or subbrograms:
MAINLINE, BREACH and NOAH. Each of these subpfcqrams per-

forms a specific task, In MAINLINE, fhe "housekeepﬁng"

module, all. variables are read in, initial conditions are

established, calls to the ‘BREACH and NOAH subproarams are

regqlaied, output. data is'generated and stored, and user

information.is provided concerning input and output formats

as well as variable lLists and definitions. The BREACH mod- '
ule simulates the time-dependent failure of the dam and the
breach hydrograph, ﬁhile_NOAH routes the flcodwave down-

stream, (NOAH was modified from a proygram by Amein and

Fang, 1968).

'In prdef-to execufe the%r specific assignmentg, each of
these'modules require the fbtfowing.subroutines}and tunction
subroutines to.solvé repétative.or Speéiatizgd ;alcutations.
AREA - ¥unction subrodtine to ca}cuiéte the cross—sectioﬁél

area as 5 fup;tidn of aepth.
RACKWATER - subroutine to detp;miné the iqi@{gl Fonditions.

of depth and discharge at each cross-section.
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DRCDY - fuhption subroptine to'cohputé the de;ivétive o{ th9
rating curve at.the dowﬁstream'bbundary.with resoett to
depth .

DRbY - funct1on subrouttne to- take tht der1vat1ve of the

""hydraul1c radius with respect to depth.

DTWDY =~ funct1on subroutine to take the det1vat1ve of the
top wigth with respect tpAd?pth. | |

LAKE - subtoutipé tofcalcutate tgé watgr,SurfACe elevation

of the'reéertbir as - a fqﬁction'ofithe}lské,vdlume.*- ' .

MATRIX - subroutjneito:qengrate the_coeffitient métrix.

'QUfLETu- fdhctionlsubroutine-to calbulaté th;'d%schargé'
throuqh the outlet éates as-a funct1on.of"lake Levet.

.RAbJUS - funct1on subrout1ne to determ1ne the hydraultc
f;dius of the breach. -

-RA%&NG'- function spbroutiné to calcﬁlate the-discharqe-at
tHe 50wnstreém.bdundary as a funétion cf depth;

SiMEQ - suhrout1ne to solve the coeff1c1ent matr1;,u§in§‘§
.mbditjed Gausswan'el1m1natmén,method (Causs Jordan) to
éolye the matrix in nbéce‘and.cbnserye stqraqe-soace.

SP[LLQAY“- fungtion:subroutihelto_tpmbute:thg Hi?qﬁarﬁe.
thkough,the~spitlhay_as a‘tuhctton of'the-laké-[eyéi;

TOPW ~ fungtion'subréutiﬁé-to.é;lculateﬁtﬂé'tﬁp wi&th at

.each cross—section as:the derivative .of the cross-




65

;ectiphal.area;With‘reSpeet'to deptHn
VOL UME - fgnctioﬁ subroutine ‘'to determine the volume er.the_

reserve%r as e'funetien of'the'reservoir depth.
.WP - function subrou¥1ne to compute the wetted perwmetpr of

the stream channel as a fuectlon of depthe. ’ |
The logical preeress1on throuqh the program and the sequence
of subroue1ne calls 1s_1lyustrated 1n'a flow chart in App-
lpendix I. |

.'fnfermafioh of %nterest-to:be geined from the siﬁeLa-._f

tion dincludes ‘the max%mge.vaers.of‘degth,.djschargefjtop
widthg.weeer sur{eceié(eVations;‘eha;the ﬁjme~of opcurrepee
of these maximum vébues'et-eaeh eross—seEtion:aldng theﬂ
'estreem."lh.additfbe; a,eontinuogs‘recerd_e¥ dfechareei{e
collected et Qarious cross-secéiohsf(to'be.éetected b; fhe v

user) for,ptottihg:hydrdgraphst




RESULTS -

The program Was fested‘ana run successfully.with‘déta
definiag an imaginary stream w}th uniform cross=~sections and
a uniforﬁ bed slope. However, when thé_daté.file defining
Bozeman Creek was input, the progféﬁ failed to run success-
¥ull§,- fhé éuthor-believes thi; is due to tge changes in
the fl6w regime i; Bozeman Creek,

.The extreme variabl{éy.of thé'channel:cross—Sgciions
and thg.bed slope of Rozeman Creek.cfeste "conﬁrqi sections”
'ﬁhich regulafe_the f(ow.reg{me, A constripfidn in @he chan-
ne.l imbede§ tﬁe‘ftdw.of water produéing.subcrit%cal flow ang
a backwater area upgtream‘of {hg constricticn, énd.guper—
Friticai f{ow at'the’q665§rﬁctioﬁ.' Similarly, a cﬁange in
the'5ed slope. from sfeep to‘geﬁtle;'Of an expansiOn 7n tﬁe
channei; aitens the flow regime from super to'subcpiticat
(Chows 1959). | | |

These "control sections” present a problem in estab-
lishihg EHe {ﬁiti;l coﬁditions'of flow. In a stream where
fhe_f@ow.reéime is conétadt ove} thé tofél }enéfhp.the_watef'
sur#éce prbfile ma? be.cdmbuted b; afgingle'backwater calcu-
létiAn. Howéverp wjth é'chanaé in the flow‘régimEp thé
' jnitial depths must be kn0wn,qt‘each fcontrol sectién".and a
separate backwater profile computed for ééch rggfh between

the "control sections”. A network of gaging stations along
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Bozemah-Creek may nét solve the problem completely.f Cons=
strictions.{n fhelstreamﬁghanﬁet'may only exert control on
the flow under h'igh watef cohditions. Theréfo?e; gaging the
stream under notmal.flow cond1t10ns may not allcw real1 stic
extrapblations:for a high discharge event.

Another:pfoblém'involving £he changes in fgow regime: 1s
the §§tabljshment of boundary coﬁditidnﬁ. Ea;h ofithése
"control sectiongf act as intgrmgﬁiate boundar} conajtions
gnd'aé‘such reouire'fétinq.curv;s to be inccrporated into
the mafrix solution (M.“AMein,'pefsonal éommuﬁ;; 1981),
Without the rating éurves from the qgging datas tHis task 1is
'.impossible. Bepauseiéf tﬁese'prObteqé t he rohting pgrticﬁ~_
of the'modéllgs nof apptiéablg~fo,Bo;eman Créek. Thergféré]
the haqhitudég timipg_dpd éxfént.of flooding frgm thg.Yéﬁl;
"ure of the dam cannot be simulated.

Howevér, a r0uqh first approx1mat1on of the depth of
flow at the canyon mouth .can be est1mated by plott1nq the
percentage attenuat1on of the breach hydroqraph agavnst the'
depth.of flow.. The total Eonveyance K at Leyer1ch Road is -
tabﬁlatéd.as a function of aepth by the U.S.'So{l ConquQa-
tién.Service kR.r Bergaﬁtine,-pérsbnal commun., 1981). For
For any discharge G, and a channel siope S of 6.01; the.

total conveyance can be calculated as:
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K= aq 1VS | o | CeH

l The. depth cerrespehding.to the'conveQance is reaa from the-
SCS table and plotted aqa1nst the percentage attenuat1on'in
fiqure 18. F1qure 18 presents all poss1ble cases for‘con-.
sideration} the worst poss1bte-f0%-attenuat1ony and the bhe'st
possibtéﬁ-1bO%-atteﬁQatioe;,'Based on the,hydrqgraehe from
the feton<and Bfoate treek dam fa{tures; a bo‘pertentI>
attenuetion over tte,?}miles,between“the daﬁtéed the canyon
mouth'is'reasoneble (Fread; 1980)..'A'crpse—sectieqal.gec—
file'at Ee;efich\éoad (Fiq._lQi'flLustfates tHeAextehf of}
flood1nq for all cases of attenuat1on. _fhe'596Ayear tlood

-is denoted in figures 18 and 19 as a reference po1nt to

indiéate-the magnitude;of.the,est1mated flocd.
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Figure 18. Depth of flow at the canyon mouth (Leverich Rd.)
as a function of the percentage attenuation of the breach
outflow hydrograph (Fig. 10). A 60 percent attenuation,
based on previous dam failures, produces a depth of flow

of 10.5 feet; 4.5 feet deeper than the 500 year flood.
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Figure 19. Cross-sectional profile at Leverich Rd. to cemonstrate
the extent of flooding for 3 cases of attenuation: 0% (worst
possible case), 60% (first approximation), and 98.5% (500 year
flood). (Profile data from R., Bergantine, personal r ommun.,

1981).



SUMMARY AND CONCLUSIONS'
Y. Mystic Lake dam waé-constructed usfhg engiheerinq'
practices that are now outdated. 'Coﬁpared to modern safety

requirements, the embankment slopes are overly stgeb.f The

masonry core wall is cracked and does not extend-thchgh'the

“total Length of the dam. Where the core wall is absent,

:

water seeps through the dam and ponds in a debressioh at the
toe of the dam. The spittway‘ﬁs inadequate to handle a

flood with a discharge greater than 780 cfs.

2. The dam is L@cated in a unstable ceologic setting.

~'The eastern half of .the dam is founded in the toe of a re-

ce%thtgndstide'and the weétern abutment in weafhered.dolof
mitelang friable sandstone. Poré—pfessure frqm.fhe seebagé
watér'po5ding at the-toe of the dam escalates the riék'of'
damage from an eafthduake-in an;already hiqh seisﬁic risk’
zone.l Slump scéro; presepf jn_the'tandstidg deposit direct~-

ly below the dam are attributed to the increased nore-gres-

sure from the seepage pond. The dam 1s aLso.gndergoing'

differentiét settlement which has in the past lead to the
failure of .the outlet pines and near failure of the dam due

to piping;

3. If overtopped, the dam would fail rapidly and. .

'produce'a peak discharge of ‘83,500 ¢fss, creating é-sevgre
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potential for property damage and possihle loss of Life,

4) . The rapidly-varied flow associatecd with a dam;
break fleodwave has appreciable acceleration and frictioral
effects'and can onl; be modet(ed by a hydraulic rogtinq
methoq utiliéing the_complete equations of unsteady flows

5« ‘The four- po1nt tmplitit method.is the best finite
.d1fference scheme for the numerical solution of the unsteady
flow equattons beeause it is unconditjonally stables not re-
stricted to small time stepé'ﬁend tﬁe distance steps need

not be constant.

5). Changee jn the fldu‘eegime in Bozemeq Creek pre-
sent insurmpuntable prohlems in establishing the initial
conditions of.flow end intermediate boundary conditiens.
Without stream gaging data, the model Vs not applitable to

Bozeman (Creek and the extent of flooding cannot be mcdelled.

7). A tirst apprqximatidn_of the extent of flooding
can be achieved by pletting the eepth of flow agaiqst the
percentage attenuation of the breacH'Hydfoqraph, A éd%:'
attenuation ywelds a depth of flow of 10.5 feet at the can=

yon mouth, 4.5 feet deeper than the 5.00 year flood




REFERENCES CITED




REFERENCES CITED

Abbott, M. B.. 1975, Method of characterﬁstics, in Mahmobd,
Kes and Yevjevich, V., edser Unsteady flow in open
channels: Fts Collinss, Coloe.sr Water Res. Pub.sr p. 63-
88.

Abbott' M. Ber and Ionescius Fusr 1967, On the’ nuw?r%cal com-
"putation of nearly horizontal flows: Jour. HydrauL1c
Research.,' .5 no. 2, p. 97-117.

Alqerm1ssen, S. Tes and Perkins, D. M., 1976, A probabilis- -
t1c estimate of maximum accelerations in rock in the -
‘contiguous United States: U.S. Geol survey Bull., Cpen
File Report 76-416. ' A

Amein, M., 1967, Some recerit studies on numerical flood rou-
' ting: 3rd Annual Conf., Am. Water Resources ASSOC.s San
Franc1sco, Calif.., 1967; Proce. p. 274—7.’?’-}'4_° '

--~==1968, An: 1mpl1c1t method for numpr1cal flood routing:
Water Res. Research; AGU» Ve bsr NO. 4o pa 719726,

----- 1975/ Compar1son of four numer1cal mﬁ;hods for flood
routing: Jour..Hydraul1c Div.s, Am, Snce Cive ENQere. Va
101, no. HY8&, pe. 1098'1099 :

Ameins, M., and Fangs, C. S., 1969, Streamflbw routfng'(wiih-
appL1cat1on to North Carolina Rivers): Raliegh, N.C.r
Water Res. Research Inst.- NeCo State Un1v.; noe 17,

72 De :

—e===1970, Implicit.flood ﬁoutinggiﬂ natural channels:
Jour. Hydraulic Div.s, Am, Soc. Cive £ENgesr V. 96, no. -
HY12, p. 2481-2500. :

Ameins, M., and Chus He Lav 1975, Impl1c1t numerical model~-
ling of unsteady flows: Jour. Hydraul1c Divees Ame SOCa
Cive Enq.' Ve 101, Noe HYb6, P 717 -731.

-American Society of C1v1L Eng1neers, 19?5: Lessons from cam

1nc1dents' UeSoAa? New York, Am. Soc; Cive Eng., 387 p;

Arams Re Bas. 19?9, Cenozoic geomorph1c hwstory relat1ng to’
Lewis and Clark Caverns, Montana (Masters thesis):
Mont. State Univ.s, Bozeman, Mont., 150 n.




’5

Bailey, J. F.r and Ray, H. A.,» 1966, Definiticn of staqe-
discharge relation in natural channels by step-back-.
water analysis: Uo.,S. Geol. Survey Water Sugply Paper
1869-A, 24 p.

galloffet, A., Cole, E.» and Balloffets, A. F.»r 1974, Dam
: collapse wave in a river: Jour., Hydraulic Div., Am.
Soc. Civ., ENnga.sr ve 100, no. HYS, p. 645-€65,

Raltzer, R. A., and Lai, C.., 1968, Computer simulaticns of
unsteady flows in waterways: Jour. Hydraulic Div., Am,
Soc. Civ. Engesr v. 94, no. HY4L, p. 1082-1117,

Barnes, H. H.» 1967, Roughness characteristics of naturat
channels: U.S. Geol. Survey Water-Supply Paper -1&49,
213 po’ :

Harrons R. A., 1977, The design of earth dars, in Golze', A.
Rer ed., Handbook of dam engineering: New York., Van
Nostrand Reinhold, p. 291-318.

Hrakensiek, D. Los 1966, Finite difference methods: water
Res. Research, AGU, v. 3, no. 3, p. 847-86C..

frakensieks, D, Los and Comer, Ga. Has 1965, A re-examination
of a flood routinq.method comparison: Jour, of Hydrol-
ogys ve 1, no. 3, p. 223-230. :

CH2M Hill, 1980, Phase 1 inépécfion‘repbfr,'national dam
safety program, Mystic Lake dan, Bozeman, Montana, MT-
880: unpubliished report, 70 p.

Chadwicks, R. A., 1970, Belts of eruptive centers in the
Absaroka-Gallatin volcanic province, Wyoming-Montana:
Geolt. Soc. America Bull., ve 81, p. 267274,

Chaudhry, Y. M., and Contractor"D,,N.a.j973, Applicaticn of
the implicit method to surges in open channels: Water
Res. Research, AGU, v. 9, no. 6, p..16(5-1612,

Chows V. Ter 1959, -0Open channel hydraulics: New York, McGraw.
Hill, 680 p. ' :

————— ed., 1964, Handbook of applied hydrbio§y~—a-compendium
of water-resources technology: Mew York, McGraw-Hill,




76

Cunges Jo Aor 1975, Apnlied mathemétjcat modelling of cpen
channel flows, in Mahmood, K., and Yevjevichs, V. M.,
eds., Unsteady flow in open channels: Ft. Collins..
Colo.s, Water Res. Pub., p. 379-404.

De Saint-Venants B.s, 1871, Theory of unsteady water flows
w1th application to river floods and to propagation of
tides in river‘channels: -Acad. Sci. (Paris)’ Vo 734 po
237-240. ' ' -

presslers, R. Fos 1954, Comparison of theories and experi-

ments for.the hydraulic -dam-break wave: Internat.
- AssoC.-Sci. Pubs., v. 3, no. 38, pa 316-%28,

Freads Do Lav 1971, DiscusSion'of implicit flood routing in

natural channels (Amein and Fang, 1971): Jour, Hydraul-

ic Divesr . Am. SoOC. Cive Enges ve 97, no. HY7, p. 1156-
1159. S ' -

-——--19743, Numerical properties of implicit four-point
finite difference equations of unsteady flow: NGAA

Tech. Memo. NWS Hydro-18, U.S. Dept. of Commerce, Nat'l:

Oceanic and Atmos. Admin.'.Nat'L Weather Ser., p. 3°f.

--—~-1978; The National Weather SerVice dam=break. flood
forecasting model: Dam= Break Modetlinq Seminar, Port-
lLande. Qreqon,-1978, Proc.; 3? De

Fread, D. Levs and,Harbaugh} T .,.1073, Transient simula-
tion of breached earth.dams: Jour. Hydraulic Div., Ane.
Soc,-Civ; Engesr Ve 99, no. HY1, p. 139-154,

Gilcrests, B. Ros 1950, Ftopd routing, in Rouses, Hes edue
Engineering hydraulics: New York., wiley, po 635-71C,

Glass, R. Wes Keefers, T. No» and Rankl, J. Gi» 1976, Hydro-
logic effects.of ‘hypothetical earthquake-caused flnods
below Jackson Lakes, NW Wyoming: U.S. Geol. Survey water
Res. Inv. ./ Open File Report T6=77, 32 De

Grecos Faer and Panattoni, La.v 1975, An implicit method to
"solve Saint- Venant equations' Jour. nf Hydroloqy. Ve
24, p. 1?1—185, : ' ’ o

v
~




77

Gundlach, D. L., and Thomas, W. A., 1977, Guidelines for
calculating and routing a dam=-break flcod: U.S. Army
Corps of Eng., Res. Note No. 5, 41 p,

3

Housner, G. Wes 1977, Earthquake hazard, in Gaolze's, A. R..,
ed.r» Handbook of dam engineering: New Yorks, Van
Nostrand Reinholds, p. 246-266. '

Hughess,» G. Cos 1980, Cenozoic geology and geomorphology of
the Dry Creek Valley, Gallatin County, Montana (Masters
thesis): Mont, State Univ., Bozeman, Mcnt., 146 p.

Jamess, Mo Los Smiths Ge Mo, and Wolfords Je Cesr 1977.,
Applied numerical methods for digital computation with
FORTRAN and CSMP (2d ed.): New York, Harger and Row.,
687 p. ‘

Kirkpatricks Go. Wo» 1977, Evaluation guidelines for spillway.
adequacy: The Evaluation of Dam Safety, Eng. Foundation
Conf.r Am. SOC. Civ. ENng.r New Yorks, 1977, Proc., p.
395=-414, ‘

Liqgétta Je. Aesr 1975, Basic eaquations of unsteady flows, in
Mahmoods, K.» and Yevjevich, V, M., eds,., Unsteady flow
in open channels: Ft. Collinss, Colo.,r hWater Res. Pub..
P. 29-62. ' :

Liggetts Jo Aes and Cungesr Jo Aosr 1975, Numerical méethods of
solution of the unsteady flow equations, in Mahmood.,
Kes and Yevijevichs, V. M., eds., Unsteacy flow 'in open
channels: Fort Collins, Colo.., Wwater Res. Pub.s p. 89~
182. : '

Liggetts, Jo A.» and Woolhiser, D. A., 1967, Difference solu=-
tion of the shallow-water ‘equations: Jcur. Eng, Mech.
Divesr Am. Soc. fiv. Enges v. 98, no. EM2, p. 39-71,

M%Mann{Sp.w. N 1955,,Geology of the Bridqger Range Montana$
Geol. Soc. America ‘Bull., v. 66, no. 11, p. 1385714}0.

Middlebrooks, Te Aesr 1953, Earth-dam practice in the U.S.
Céntennial Trans., Am. Soca. Cive. Enqg.», v. (T, no. 2620,
p. 697-722. : '




78

Millers, We Aesr and Cunges, Jo -Aes 1975, Simplified equations
~of unsteady flows, in Mahmood, K.,.and Yevjevich, V. M.,
eds.s Unsteady flow in open channels: Ft. Collins,
Colo.,» Water Res. Pubs.s po. 183-249.

Mitllers We Aasr and Woolhiser, D. Ao, 1975, Choice of models,
in Mahmood,.K.s, and Yevjevich, V. M., eds.» Unsteady
flow in open channels: Ft. Collinss, Colo., Water ’
Res. Puba., p. 367-377. :

Morisawar, M., 1968; Streams—-—their dynamics and morphology:
New York, McGraw=Hill, 175 p.

_Vﬁorthern'Tgstinq Laboratoriese, 1972,-Repoft.of teakage in-.
vestigation, Mystic Lake dam, Bozeman, Montana., in CHZM
Hill, 1980, Appendix 2, Phase 1 inspection report, nat-
jonal dam safety program, Mystic Lake.cam, Bozeman, '
Montana, MT-880: unpublished report,. p. 27-44.

Ponces Vo M., Indlekoff, H.or and Simons, D, B.r, 1978, Con-
vergence of the four=-point implicit water wave models :
Jour. Hydraulic Div.s Am. SOce Cive knge.sr v. 104, no.
HY?7, p. 947-958. ' ' ' -

| L : . '
Prices Re Kuos 1974, Comparison of four numerical methods for
flood routing: Jour. Hydraulic Div., Am. Soc. Civ.
Enga.-s vr 10Cs, no., HY?, p. 879-899,

Raos Ve S.s Contractor, D. N.r, and Tiyamanis, C., 1976, Op-
~timal river cross sections for flood routing: Symposium
on Intand Waterways, Ame. SOCe. Cive Enge.r 1976, Proc..
P. 421433, : o

Rajare Res 19?8,.Mafhematical simutatidn of dam=break flow:
Jour. Hydraulic Dives, Am. Soc. Cive. Enges v. 104, nc.
HY7, p. 1011-1026.

Richtmyer, R. D.r.1962, A survey of difference methods for
non-steady fluid dynamics: Natl. Center for Atmos.
Research, Boulder, Colo,, Tech, note 63-2,

Robertse, A,‘E.'.196aa;_GeoLogiE:map“of the Fort Ellis quad-
rangle, Montana: Ua.S. Geol'e Survey, Misc. Ceol. Inv.




79

se===1964b, Geologic map- of the Mystic Lake quadrangle, Mon-
tana: U.S. Geol. Survey, Misc. Geol. Inv. Map .I-398.

Sakkass J. Geos and Strelkoff, To, 1973, Dam break flood in a
prismatic dry channel, Jour. Hydraulic Div.s Am. Soc.
Civ.e Enges ve 99, no. HY12, p. 2195-2216.

Seeds Boe Hes 1973, Stability of earth and rockfill dams dur-
ing earthquakes,. in Hirchfeld, R. C., and Poulos, S.
Josr €ds.» Embankment-dam engineering .(Casagrande Vol.)
New York, Wiley, p. 239-269. C

Sherards, Jo Lor 1973, Embénkmeht dam crackingr, in Hirchfeld,
R. Cor and Pouloss, S. J.»r eds.. Embarnkrent-dam engine-
ering (Casagrande Vol.,): New York, Wiley, p. 271-353.

Sherard, J. Los Woodwards R, Jor Gizienski, S. fi, and
Clevenger, W. A., 1963, Farth and earth-rock dams, erg-
ineering problems of de51qn and .construction: New Yorke.
Wileys, 725 pe :

Sowerss Go. Fos 1962, Earth and rockfill damgenqineering:'New
Yorks. Asia. Publishing House, 283 p.

Stoker, Jo Joos. 1948, The-format{oh of'breakérs and:bofes:
Comm. on Pure and Applied Mathe., v. 1, p; 1-87,

————— 1957, Water uaveé: New York., Inter-science., SO? De

Strelkoffs Tes 1970, Numerical solution of Saint-Venant
equations: Joyr.: Hydraulic Dives Am. Scce. Civ. Eng., v.
96, no. HY1, ps 223-252. - ‘

Sus So Tav and Barness, A, Hoo» 1970: Geometric and frwct1ondl
.effects on suddepn releasps' Jour, Hydraulic Div., Am.
Sote Cive ENgesr ve 96, no. HY11, p. 2185-2200.

Thomass He A.s 1934, The hydraulics of flood movesents in
rivers: Pittsburg, Penn., Carnegie Inst. of Tech..,
70 p. - B ' ' '

Tracys. Hq J.;:1957: Discharge characteristics of‘broad-
crested weirs: U.S..Geol. Survey Circ. 397, 15 p.




- 80 . o

Army Corps of Engineers, 1957, Flow through a breached
dam: U.S. Army Corps of Eng., Mil. Hydro. Bull., v. 9.

Army Corps:-of Engineers, 1960, Floods resulting frer
suddenly breached dams--conditions of minimum resis-
tance, hydraulic model investigation: Misc. Paper Z2-374
Report 1, 176 p.

~Army Corps: of Engineers, 1961, Floods resulting from

suddenly breached dams—--conditions: of maximum resis-
tances, hydraulic model investigation: Misc. Paper 2-374
Report 2, 121 p. '

Army Corps of Engineers, 1975, National prcgram of in-
spection of dams: Washington D. C.r Dert. of the Arrmy,

Ve I=V.

Bureau of Reclamation, 1974, Design of small dams (2nd

"ed.): U.S. Dept. of Interior, Water Res. Tech. Pubies

816 o.

Department of Agriculture,'Soil Conservation Service,
1972, East Gallatin River and upper tributaries flood
hazard analyses, Gallatin County., Montana: Bozeman,
Montana, U.S. Dept. of Aqriculture, SCS, 112 p.

Department of Aqriculture; Soil Conservation Service,
1979, Simplified_dam—break‘routjng procedure: Technical
Release No. 66, 3§‘p.

Department of Agriculture, Scil Conservation Service,

1980, Preliminary investigation report, Bozeman (reek

watershed, Gallatin County, Montana: Bozeman, Montana.,
UeSe Depte. of Agricutture, SCS, 37 p.

./ ' o, ' . :
Aan't Hul, A., 1979, Summary of ‘design and construction his=

tory of Mystic Lake dam, in CH2M Hill, 1980, Aprendix 1
Phase 1 inspection reports, national dar .safety proaram,
Mystic Lake dam, Rozeman, Montana, MT-280: unpubtished
reports pe 20-26.

Vasilievse 0. For 1970+ Numerical. solution on the non-tinear

nroblems of unsteady flow in open channels: 2nd Inter.
Conf. on Numerical Methods in fFluid Dyraricses Berkeley/,
Calif.r 1970, Proc.» pe. 410-422. :




&1

vasilievs 0. F., Voyevodin, A. F., and Atavin, A, A., 1976,
Numerical methods for calculation of unsteady flow 1ir
systems of open channels and canals: Symposium on un-
steady flows, .Newcastle-upon-Tyne, England, 1976, Proce.
p. E2-15 - E2~22. -+ . o

‘Whitmans, Go B., 1955, The effects of hydraulic resistarce in
the dam-break problem: Royal Soc. London, v. 227, p.
399-407.,. : L o : ) .

willigms'_T.'T.zl1959; Report qﬁ Mystic Lake for thg Rozeman
Creek Reservoir Association: unpublished report, 13 .

---=-=1977, Sinkholé inspection report for the Bczeman Creek

: Reservoir Association, in CH2M Hill, 1580, Appenaix 2,

~ Phase 1 inspection report, national dar satety -proaram, .

Mystic Lake dam, Bozeman, Montana, MT-883: unpublished
report, p. 45-50. l ' : o

“Wilson, S. D.,'aﬁd Mgrsal, Re. Jer 1979, Current trends in-
. design and construction of embankment dams: New York.
Am. Soc. Civ.e Eng., 125 .p. '

Yeévjevich, V. M., 1964, Ribliography- and dfchssioniof‘flood
-fouting methods and unsteady flow in channels: UsSe
Geol. Survey Water Supply Raper.1690; 235 p.

————— 1975, Sudden water release, in Mahmood., K., and
Yevjevich, V. M., eds., Unsteady flow in open channels:
Fort Collinss Colo.s, Water Res, Pub., p. 587-665.

Zeigler, Bo P,, 1976, Theory of modelling and simulation:
New York, Wiley, 435 p.

A




APPENDICES.




CAPPENDIX I
. PROGRAM - FLOW CHART

START

. '/3550-1& SATA/

L{NITLALIZE VARIABLES AND CONSTANTS

GO 'SUB > BACKWATER

—PROJECT "KNQNN"-VALUESI-

COMPUTE ‘NUM LOOPS IN BREACH
CNUM = (T/20) / TSTEP

GO SUB S>———BREACH

ASSIGN NEW "KNOWN" VALUES

COMPUTE MAX VALUES|

'_;‘ /QuTPuT ﬂYDRdGRAﬁﬁs]

 (O)—vEs=

NO—/0UTPUT MAX VALUES]




JAPPENDIX. II
_PROGRAM LISTING

**:k****_*.*****'k*ﬁ********ﬁ*'*********#****** **tt#*****_*****ﬁ**‘

_‘ﬁﬁﬁﬁ,ﬁﬁ

MAINLINE PROGRAM
HOUSEKEEPING MODULE ‘TO - INITIALIZE CONDITIONS AND "~ REGULATE
CALLS TO THE BREACH AND NOAH SUBPROGRAVS '
COMMON/ARRAY/A(ZOO ZDO)IN . ' C )
COMMON/BREACHS/NUM:TSTEP:LO:L1ILZIDEPTH'BD'HDAW'
* AREAB:FLAGIINLAKE'TQ1tVOL:MNBrTFAIL, :
COMMON/PARAMETERS/Y(10002):9(100'2)12(100)pMN(1OO)l
.* INFLO(100)'DIST(100)lQMAX(100)'YWAX010 )'TMAX(100)'
"XSEC(5),0T,T ' '
COMMON/COEFS/AC1(100):AC2(100):AC3(1OC)lRC1lRC2'RC3
COMMON/CONSTANTS/G'TFINALITHETA'VNlQTOL'YTOL.
REAL LAKEILOIL1ILZIINFLOIMNBIINLAKEIMN
WINTEGER FLAG»XSEC
C

r***t**t*****i******i*t*§£*&******ﬁ**f&**{*t***ﬁ*****}***}&*
.C . T X
 USER INFORMATIONY

C. N S S
_*****{f*****%*ké**ﬁ*}***ﬁ**k£}*f***?***¥***ﬁiﬁ**********{*i*
C . - .

C SUBROUTINES REQUIRED o . :
CMAINLINE - = BREACH . = . NOAH
BACKWATER LAKE - ... © UMATRIX

TR ' . SIMEQ

****hi**.*'****'******.*****.**:****i'**'**;&**.k***********.******-****

FUNCTION SUHROUTINES RIQUIRED S T
MAINLINE - BREACH - Co- ’ NOAH - -

OUTLEIK) R oqusr<)- . AREAC)
. SPILLWAY () . " T RADIUS() - . S NRCHY ()
VOLUMEC() . =0 © USPILLWAY(Y o - - DRDY ()
o S VOLUME() - . . DTWDY.C)
R S T LRATINGO)
RCYC)
CTOPW ()
WP ()

OO0 OANOOOOOE D000
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*****************@******;{k********fi****;*iﬁ*t*****k*kﬁ****.

'd,oﬁr—snnﬁnn.nnhnnhnmhrj}md'nnhohnn'nn'ﬁnm *OO A0 0 N

INPUT FORMAT'

THE INPUT WILL BE DISCUSSED IN TWO SECTIONS, ONE FOR .-
EACH SUBPROGRAM =~ BREACH AND NOAH. ALL I'NPUT wILL ‘BE REAC
IN IN AN 'F' FORMAT UNLESS SPECIFIED OTHERWISE. THE °'F'
FORMAT -CONTROL - REQUIRES ONLY THAT THE- DATA BE SEPERATED BY
COMMAS OR SPACES. EITHER .REAL OR INTEGER VALUFS CAN BE
READ IN WITH NO OTHER FORMATTING SPECIFICATIONS
- EG. 3. 506:15;0 1763E 2245 - ‘

**************************************************ﬁ*******

BREACH VARIABLES

VARIABLE o Lo "~ DEFINITION
. AREAB = BREACH. AREA _
"AREAF = EFFECTIVE -AREA 0F BREACH FLOW
BD . . = . BREACH DEPTH AT EACH TIME STEP
BQ . = DISCHARGE THRU THE BREACH ,
DEPTH = INITIAL LAKE DEPTH -
DL = CHANGE IN' LAKE LEVEL EROM THE LAST TIME STEP,
© USED AS A CORRECTOR TO PROJECT THE CHANGE IN
: LAKE LEVEL FOR THE NEXT TIME .STEP
DT = CHANGE "'IN. TIME PER °NUM® LDOPS THRU BREACH
. FD = DEPTH OF FLOW. IN THE BREACH CHANNEL -
HDAM = DAMHEIGHT (48 FEET) :
INLAKE = INFLOW INTD THE LAKE (CFS)
L0 = LAKE LEVEL AT THE TIME STEP T-2
L1 = LAKE LEVEL AT THE TIME STEP T-1
L2 ‘= LAKE LEVEL-CALCULATED AT PRESENT TIME STEP T
- LDUM =" PROJECTED LAKE LEVEL FOR PRESENT TIME STEPR T
MN B = MANNING'S N FOR THE BREACH CHANNEL - .
NUM = NUMBER OF LOOPS THRU BREACH FOR EVERY CALL TO
L NOAH
SLOPE = FRICTION SLOPE oF THE “BREACH CHANNEL
T =. TIME STEP COUNTER’
TFATL = ESTIMATED. TIME OF FAI'LURE :
TQ1 = SUM DISCHARGE FROM THE SPILLWAY, OUTLETS,
_AND BREACH (CFS) = START OF EACH CALL TC THE
: BREACH SUBROUTINE T
TG2 = SUM DISCHARGE FROM THE SPILLWAY, OUTLETS,

AND ‘BREACH (CFS) = AFTER °'NUM' LCOPS .IN THE
BREACH SUBPOUTINE ' :




|
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_TIME STEP INCREMENT (seconds)
STARTING . TIME FOR FACH CALL. TO RREACH
VOLUME OF .THE LAKE :

TSTEP
TZERO
T voL

**if*tt*&*ﬁ*}*}********wi*}**ﬁ**;**éﬁx**********Q***ﬁ******
_RREACH DATA REQUIREMENTS:

CARD OR RECORD 1: COMMENT CARD (SEE EXAMPLE DATA)
_CARD OR RECORD 2:.INITIAL CONDITIONS OF THE BREACH
_ READ (105,1) DEPTH:INLAKE'TSTED:MNB,TFAIL
"1 FORMAT(/,5(F)) ‘

c

*#************ﬁ******;******}**ﬁ**k**********************#**

¢ INITIALIZE BREACH CONSTANTS AND VARIABLES
T=FLAG=0.0
_HDAM=48.0.
LO=L1=DEPTH
VOL=VOLUME (DEPTH)
'Bp=0.0 . -
TQ1—SPILLNAY(DEPTH) + OUTLET(DEPTH) "

C .. .
************ﬁ***ﬁﬁ*f******A;g*#**f**f******j**;*******ki****
c - ' '

C NOAH VARIABLES

C VARIABLE - - _ DEFINITION.
c o RPN o )

C  AA(l,J) = COEFFICIEMT MATRIX

C A1 " = AREA AT. NODE I.,J

C A2 = AREA AT NODE. I,J+1

€' A3 = AREA AT NODE I+1,J

- ¢ A4 = AREA AT. NODE: I+1,J4+1
C AC1,2,3 = COEFFICIENTS Of THE DEPTH-AREA'CURVE AT EACH
C : o X=SECTION.

C AVA ‘= AVERAGE AREA BETWEEN A2 AND A4

C AVR . = AVERAGE HYDRAULIC. RADI[US BETWEEN R2 AND R4
¢ - AVQ = AVERAGE DISCHARGE BETWEEN Q2 AND Q4.

C DIST(I) = DISTANCE BETWEEN NODES I AN D 1+1

C 0Q = CHANGE IN DISCHARGE ,

C - DADT - = CHANGE IN DISCHARGE WITH CHANGE IN TIME
C  DQDX = CHANGE IN DISCHARGE WITH CHANGE TN DISTANCF
c. 0T = CHANGE "IN TIME (TIMF STEP)

C - DTDX. =" CHANGE IN TIME WITH CHANGE IN DISTANCE
C . DXDT =

"CHANGE IN DISTANCE WITH CHANGFE IMN TIMF




DY
DYDT -
DYDX

-G -

INFLO(I)
MNCT)
PEAKT -
PCEQ2

PCEQA

PCEY2
"PCEY4

© PMEQ2

PMEQ4

. PMEY2

PWEY4

Q1

Q2

Q3

Q4

QMAX (1) -
QToL

R2

RG © .
RC1,2,3
RCE
RESY
RESQ
RME
SF. .
SLOPE.

:

~TF INAL

THETA-
TMAX (1)
TW2 .

- TWé

XSEC(L)

[ L I T T [N | T

"~ WITH RESPECT TO Q2
PARTIAL DERIVATIVF OF

PARTIAL DERIVATIVE OF

"PARTIAL DERIVATIVE OF

.PARTIAL -DERIVATIVE OF

MWEIGHTING COEFFICIENT -

&7

CHAMEE IR DEPTH

CHANGE IN DEPTH WITH CHANGE
CHANGE -IN DEPTH -WITH.CHANGE
GRAVITATIONAL -CONSTANT
LATERAL INFLOW ALONG CHANMEL LENGTH DX(I)
MANNING'S N FOR EACH REACH - -

IN TIME .
IN DISTANCF

"TIME 0OF ARRIVAL OF THE PEAK

PARTIAL. DERIVATIVE OF THE COhTINUiTY'EQUA]ION~

THE CONTINUITY EQUATION
WITH RESPECT T0O Qb o o .
THE CONTINUITY EGUATLON
WITH RESPECT TO-Y2 S o
PARTIAL DERIVATIVE OF

WITH RESPECT TO Y4

"THE CONTINUITY EQUATION

THE MOMENTUM EQUATICN
WITH RESPECT TO Q2 ',

PARTIAL DFRIVATIVE OF
WITH RESPECT 10.0Q4 "
PARTIAL DFRIVATIVE OF

WITH RESPECT TO Y2

THE MOMENTUM EQUATION

THE MOMENTUM EQUATION

THE MOMENTUM EQUATION
WITH RESPECT B g

DISCHARGE AT
DISCHARGE. AT
DISCHARGE AT’
DISCHARGE AT

MAXIMUM DISCHARGE

TO Y4
NCDE .
NODE I,J+1
NODE - "I+1,J
NODE " I+1,J+1
‘AT EACH

1,

Y =SECTION

TOLERANCE LIMIT FOR ERROR IN DISCHARGF (50.0
.CFS) : E
“HYDRAULIC.RADIUS AT NODE 1,041

HYDRAULIC RADIUS AT NODE [+1,J+1

COEFFICIENTS OF THE DOWNSTREAM RATING CLRVF
RESIDUAL OF THE CONTINUITY EQUATION

DEPTH RESIDUAL

DISCHARGE RESIDUAL

RESIDUAL OF THE MOMENTUM EQUATION

FRICTION SLOPE TERM .

- WATER.SURFACE SLOPE

TIME STEP COUNTER

TIME FOR TERMINATION .

TIME "OF PCLAK EVENT AT EACH X-SECTION;

TOP. WIDTH AT NODE I,J+1

TOP. WIDTH: AT NODE I+1,U+1

X=SECTIONS AT WHICH HYDROGRAPHS ARE GFNERATED
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DEPTH AT NODE I.,J

DEPTH AT NODE I,J+1

DEPTH AT NODE I+1,J

DEPTH AT "NODE I+1,4+1

MAXIMUM DEPTH AT EACH X-SECTION

TOLERANCE LIMIT FOR ERROR IN DEPTH (.05 FEET)
CHANNEL BOTTOM ELEVATION A1 EACH X-SECTIOM

c Y1

C Y2

C Y3

C Y4

C  YMAXCI)
C YTOL

C  I(I)-
C

*

C

c

C

C

C

***f****ﬁt*******f**t«******;**Q***********if****&*********
NOAH DATA REQUIREMENTS:
CARD O R RECORD 3: COMMENT CARD (SFE EXAMPLE DATA)

CARD OR RECORD 4: ROUTING CONSTANTS FOR NOAH
_READ(105:1)_N,TFINAL:THETA'QTOL;YTOL

(an)

CARD OR RECORD 5: X-SECTIONS FOR HYDROGRAPHS (LIMIT=¢)
¢ XSEC(1)=DAMSITE “
CREAD(105,2)(XSEC(I)»1=2,5)

2 FORMAT(4(F))

[}

C CARD OR RECORD 6: COMMENT CARD (SEE EXAMPLE DATA)
¢ CARDS OR RECORDS 7 - N+7: VARIABLES AT EACH NODE
READ(10513)(Z(I)'DIST(I)'INFLO(I)'I 14N)

3 FORMAT(/,3(F))

C CARDHOR RECORD N+8: COEFFICIENTS OF THE DOWNSTREAM
C RATING CURVE
READ(105,4) RC1,RC2,RC3’
4 FORMAT(3(F))
(o CARDS OR RECORDS N+9 - 2N+9: DEPTH-AREA COEFFICIENTS
READ (105,4)CACTICI) SAC2CI) pAC3(1)»I=T4N)
C ) ' ' .
****'k'ﬁ*i*****************ﬂ***ﬁ*****‘**************************
C ) .
C INITIALIZE NOAH CONSTANTS AND VARIABLES
G=32.°2
"NN=2*N
XSEC(1)=1

COMPUTE THE INITIAL VALUES OF DEPTH AND DISCHARGE AT EACH
CROSS SECTION
CALL BACKWATER

[ e]

o

SET THE MAX VALUES TO ZERO
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DO 5’ I‘1IN
QMAX (I)=YMAX ()= TMAX(I)—O 0]
5 CONTINUE

*****j*****x*****&***h****a****{*ﬁg******&****ﬁ***#********
START THE SIMULATION

TEST RUN TIME
6 TE(T.GELTFINAL) GO 10 11

PROJECT THE VALUES AT THIS TIME STEP TO THE NEXT STEP
DO 7 I=1,N
QCI1,2)=QCI,1)
YCI,2)=Y(I,1)
7. CONTINUE.

COMPUTE NuM" LOOPS IN BREACH AS A FUNCTION OF THE'ARRIVAL
TIME' OF THE WAVE. WHEN T > TFAIL, THE TIME.OF ARRIVAL OF
THE PEAK ‘AT ANY CROSS-SECTION IS EQUAL TO THE PRESENT
TIME T IS TREATED AS THE PEAK ARRIVAL TIME.

PEAKT=T,
IF(PEAKTLT.TFAIL) PEAKT= TFAIL
NUM = (PEAKT/20.0) /TSTEP +.5 -

CALCULATE THE NEW OUTFLOW FROM THE BREACH
CALL HBREACH

ROUTE THF FLOODNAVE DOWNSTREAM
CALL ‘NOAH

RE -ASSIGN "KNOWN®" VALUES FOR THC NEXT TIME STEP
DO 8 I=1"N- ' . .
'0(111)-_'-'()(112)

YCI,10=Y(1,2)
8 CONTINUE

TEST FOR MAX DEPTH AND DISCHARGE AND SET TIMES OF PEAK.
. DO 9 I-1IN
CIF(Y(1,2).GT. YMAX (1)) YMAX{I)=Y(I,2); TMAX(I)=T-DT
IFCQEI,2) GTLGMAX (L)) GMAX(I)=Q(1,2); TMAX(I)=T=nT -
9 CONTINUE : ' :

OUTPUT DATA,FdR HYDROGﬁAPHS'AT SELECTED X=-SECTIONS
WRITE(T101,10) T,(R(XSEC(L)»2),L=1,5)
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10 FORMAT(6F9.1) :

C ‘ . o .
C LOOP THRU .AGAIN IF TFINAL HAS NOT BEEN REACHED 0

GO T0 6
C
*******************‘k******"ﬁ***********t**k**********‘A)\***ﬁ#*
c .

¢ OUTPUT FINAL RESULTS
11 WRITE(C108,12) :
12 FORMAT(//'STATION MAX-DEPTH SURF=ELEV  TOP WIDTH %,
. k' MAX-Q PEAK-TIME'/)
WRITEC108,13) (I, YMAXCIY,Z(IY+YMAX (L) »TOPWC(YMAX(I),I)
* ,QMAXC(I),TMAXC(I),1=1,N) '
13 FORMAT(3X,13,5(F10.1))

END
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C
SUBROUTINE BACKWATER
C
C SUBROUTINE TO CALCULATE THE INITIAL CONDITIONS OF FLOW
C (DEPTH AND DISCHARGE) AT EACH CROSS SECTION.-. A STANDARD
"C STEP-BACKWATER METHOD IS UTLLIZEDe.
C
COMMON/ARRAY/A(200,200) »N
COMMON/BREACHS/NUMITSTEPIL01L1'LZIDEPTH'BDfHDAM:
* AREAB,FLAG,INLAKE,TQ1,VOL,MNB,TFAIL
COMMON/PARAMETERS/Y(100,2),0(100,2),2(100),MNC10G),
* INFLOCI00),DIST(100),AMAX(I00) ,YMAX C10CY,TMAX(100).,
* XSEC(S),DT,T
COMMON/CONSTANTS/G'TFINAL'THETA'QN'QTOL'YTOI
REAL INFLO.,MN

(AR SR EES R RESEEERERERRERXEREEREREEEREEEIEEEERE R R LN E R R L LR L]

INITIALTIZE THE UPSTREAM CONDITIONS BETWEEN -THE DAM AND X-
SECTION NUMBER ONE

D OO O

DISCHARGE AND DEPTH .
QDAM = SPILLWAY(DEPTH) + OUTLET(DEPTH)
QC1,1) = QDAM
YDAM = DEPTH - 42,1
Y(1,1) = YDAM,

C ELEVATIONAL HEAD
HU = 6396.0+YDAM
T HD = Z(1)+Y(1,1)

c .
C VELOCITY HEAD
" VHU = (QDAM/(YDAM#*20.))/(2.0%G)
VHD = (Q(1,1)/AREACY (1,1),1))/¢2.0%G)
c 4 A

C FRICTION SLOPE - :
SF = 6396.,0 - 2(1)

C CALCULATE RESIDUAL FROM USING Y(1,1)
RESID = (HU+VHU) - (HD+VHD+SF)

C TEST THE RANGE OF THE RESIDUAL
IF(RESIDoGT.0.01)Y(1,1)=Y(1,1)+RESID7GO TOQ 1
IF(RESIDLTL.=0.01)Y(1,1)= Y(111)+RESID'GO T0 1 -
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COMPUTE THE INITIAL CONDITIONS AT EACH CROSS SECTION
' DO 3 I=1,N-1
ITER=1

DISCHARGE
Qu
Qb

Q(I,1) )
QUI+1,1)=QU+INFLOCI)

DEPfH (YD IS A TRIAL VALUE THAT IS CHANGED .EACH ITERATION)
YU = Y(I,1)
Yo = YU

RESTART NEXT ITERATION
2 CONTINUE . ) .
IFC(ITER.GT.20) OUTPUT'FAILS TO CONVERGE.AT°pI+15 STOP

STAGE
HU = 2(1) + YU
HD = Z(I+1) + YD
AREAS

AU=AREA(YU.,I)
AD=AREA(YD;I+1)

HYDRAULIC RADII
RUSAUJWP (YU, I)
RD=AD/WP(YD,I41)

COMPUTE MANNING®S N FOR EACH REACH ASSUMING THE FRICTION
SLOPE IS EQUAL TO THE BEb SLOPE.
SF=(Z(I)=Z(1+1))/DIST(I) ’ :
MNCID)=C1,49% CCAU+AD)/2.0) « ((RU+RD) /2.0) x*,67*(SE
* xx,5))/C(QU+QD)/2.0) :

CALCULATE THE VELOCITY HEAD TERM
VHU (QU/AU) **2/(2.0%G)
VHD (QD/AD) x#2/(2.0*G)

CALCULATE THE RESIDUAL FROM USING YD
RESID = (HU+VHU) - (HD+VHD+SF)

TEST THE RANGE OF THE RESIDUAL
IF(RESID.GT.0.01)YD=YD+RESID/ITER=ITER+1,G0 TO 2
IF(RESID.LT.—0.01)YD=YD+RESID;ITER=JTER+1;GO TC 2
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ASSIGN FINAL. DEPTH VALUE

3

Y(I+1,1) = YD

CONTINUE

OUTPUT THE INITIAL CONDITIONS FOR FACH CROSS~-SECTION

4

wi

WRITE(108,4)
FORMAT(SX'SEC-H#"'3X'DEPTH'4X*DISC*SX"'DX"9X'MN"*)
DO 6 I=1.N .

WRITE(108,5) 1.,YCI1,1),QC1,1),DISTCI)MNCI)
FORMAT (6X,12,4(F9.2)) .
CONTINUE

RETURN
END
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c .
SUBROUTINE BREACH

t‘)ﬁﬁﬁﬁ

 SUBPROGRAM TO CALCULATE THE UPSTREAM CONDITIONS OF DIS-
CHARGE AT THE DAM SITE AS A FUNCTION OF THE RATE OF FAIL-
URE AND. THE LAKE LEVEL.
COMMON/BREACHS/NUM,TSTEP,LO,L1,L2,DEPTH,BD,HNDAM,
* AREAB,FLAG,INLAKF,TQ1,VOL,MNB,TFAIL S
COMMON/PARAMETERS/Y(100,2),Q€100,2),2¢100)2,MN(100) »
* 1NFLO(100)'DIST(100)'QMAX(100)'YMAX(100)pTMAX(100)r
* XSEC(S)IDTIT
REAL LO,L1T,L2sMNB,INLAKE,LDUM
INTEGER FLAG
C
***k******************#******************ﬁr'***i*k******i*****
C
C SET TIME FACTOR
TZERO= T
C

C 'LOOP THRU BREACH 'NUM'_TIMES
DO 3 I=1,NUM. :

C INCREMENT TIME COUNTER
T = T + TSTEP

C PROJECT THE CHANGE IN LAKE LEVEL
IF(I.EQoT.ANDJLN.EQ.DEPTH) DL = 0,001 GO TO 1
DL = (LO - L) ‘

1 LDUM = L1 - DL

C DETERMINE THE DIMENSIONS OF THE BREACH
BD = T/(TFAIL/HDAM)
IF(BD,GE.,HDAM) BD = HDAM
AREAB = BD**2 :

C COMPUTE THE EFFECTIVE AREA OF FLOW THRU THE BREACH
: £D = BD - (DEPTH = uoum)
AREAF = FD*%2

C DETERMINE THE .FRICTION SLOPE FOR THE BREACH CHANNEL
SLOPE=((6401.9-BD+FD) = (Z(1)+Y(1,1))3/500.

C COMPUTE THE BREACH DISCHARGE. K
BQ = 1.49/MNB * SQRT(SLOPE)" * AREAF * (RADIUS(FD.,
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* AREAF))*x 67

TOTAL DISCHARGE FROM THE DAM - SPILLWAY., OUTLET, & BREACH
TQ2 = SPILLWAY(LDUM) + OUTLET(LOUM) + BQ

COMPUTE THE NEW LAKE VOLUME AND LEVEL AFTER THE TIME STEP
VOL = VOL + TSTEP*(INLAKE = ((TQ@2+7Q1)/2.C))
CALL LAKE(VOL,LZ2).

TEST IF DL WAS AN APPROPRIATE PREDICTOR OF LAKE CHANGE
IF NOT, PREDICT NEW DL AND LOOP THRU AGAIN
OVER-ESTIMATE
IF(L2-LDUM,.GT..0.05)DL=L1=L27; OUTPUT
* 'DL TOO LARGE'’ GO TO 1
UNDER-ESTIMATE ' -
[F(LDUM=L2.6T.,0.,05) DL=LY-L2,; OUTPUT
* 'pDL TOO SMALL®, GO 70 1

RE-ASSIGN VALUES FOR NEXT TIME STEP

TQ1 = T@Q2
L0 = L1
L1 = L2

DT=T-TZERO

OUTPUT THE BREACH HYDROGRAPH
WRITE(101,2) T,TQ2
2 FORMAT(2(F12.1))
3 CONTINUE

ASSIGN NEW DISCHARGE VALUE FOR NOAH.
Q@(1,2) = TQ2
OUTPUT DT,TQ2
RETURN
END
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********’kk"k********ﬁﬁ***********‘****)_!****ﬁ***‘**k:&k*ﬁ***#****

C . .
SUBROUTINE NOAH

C
C SUBPROGRAM TO ROUTE THE FLOODWAVE DOWNSTREAM FROM THE DAM
C USING A FOUR POINT IMPLICIT FINTTE PIFFERENCE METHOD FOR
C THE NUMERICAL SOLUTION OF THE COMPLETE EQUATIONS OF UN-
C STEADY FLOW.
C
COMMON/PARAMETERS/Y(100,2),Q¢100+,2),2¢100),MNC130)»
* INFLO(1DO)'DIST(100)yQMAX(100):YMAX(100)’TMAX(1UO)'
* XSEC(S5),DT,T
COMMON/ARRAY/AC200,200) /N
COMMON/CONSTANTS/G,TFINAL,THETA sNN,BTOLLYTOL
C

***************************'**'*******:k**‘**ﬁ*ﬁ*.****t****ﬁ***k*
C
OUTPUT'INTO NOAH®

‘ ITER=1; FLAG=0
C SET ARRAY TO ZERO
1 00 2 I=1,NN

DO 2 J=1,NN+1

ACI,I)=0.0
2 CONTINUE

C GENFRATE THE COEFFICIENT MATRIX
OUTPUT 'INTO MATRIX..o®
CALL MATRIX

C SOLVE EQUATIONS SIMULTANEOUSLY
CALL SIMEQ

C
WRITEC108,3) .
3 FORMAT(X' X=-SEC Y1 Y2 © RESY!
! Q1 Q2 RESQ®)
DG S I=1,N :
J=(Ix2)-1
c .

C CORRECT THE IMPLIED DEPTHS AND DISCHARGES WITH RFSIDUALS
RESY=A(J,NN+1)

RESQ=A(J+T,NN+1T)

Y(I,2)SY(1,2)=RESY

Q(l1,2)=Q(l,2)-RESQ

C SET FLAG FOR ADDITIONAL ITERATION
IF(ABS(RESY)=YTOL.GT.0.0R.,ABS(RESQ)~QTOL.GT.0) FLAG=]
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C OUTPUT THE RESIDUALS
WRITE(108,4) I1,YC1,1),Y(1,2)sRESYSFQ(I,1),Q(1,2),RESQ
L FORMAT(2X,13,6(F12.3))
S CONTINUE

(@]

TEST FOR ADDITIONAL ITERATION
IF(FLAG.EQ.O0) GO TO 6

TEST FOR CONVERGENCE
IFCITERLGEL25) OUTPUTFAILS TO CONVER(E.g.ITER 25°%;
* STOP
ITER=ITER+1; FLAG=0; GO TO 1

o

6 OUTPUT ITER,T,DT
WRITE(108,7)
7 FORMAT(X® X~-SEC Y1 . Y2 01!
* ! CoR2Y)
DO 9 1I=1,N
WRITE(108,8) IIY(II1)IY(IIZ)IQ(II1)IQ(II2)
FORMAT(2X,I3,4(F12.2))
CONTINUE

o ™

RETURN
END
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****?************;*****************************k***t*t**t§t*
c .

SUBROUTINE MATRIX

C .
C SUBROUTINE TO. GENERATE THE MATRIX OF COEFFICIENTS'FROM

¢ THE EQUATIONS AT EACH X SECTION AND ‘THE UP AND DOWNSTREAHM
C .BOUNDARIES. : : )

C . .
COMMON/CONSTANTS /G, TFINAL,THETA,NN,RTOL,YTOL
pOMMON/PARAMEJERS/Y(100,2),0(100a2),z<100),MN(100),
* 1NFLO(100),013T(100),QMAX(100),YMAX(100),TMAx(100))
* XSEC(5),DT,T )

COMMON/ARRAY/A(200,200) »N

REAL INFLOsMN :

C

**************i************h******i-******** ******************

¢

¢ ELEMENTS OF THE MATRIX FROM THE BOUNDARY CONDITIONS
C UPSTREAM ' C o
AC1,1)=0,0
AC1,2)=1.0
C DOWNSTREAM
A(NNSNN=1)==-DRCDY(Y(N,2))
. A(NN,NNI)=1,0
C RESIDUALS
AC1,NN+1)=0.0 .
A (NN NN+1)=Q(N,2)~RATING(Y(N,2))

C
DO 1 I=1,N-1

C ‘ .

C SIMPLIFY NOTATION

C
M=2%*1]
L=M=-1

C
DXDT=DIST(IY /DT
DTDX=DT/DIST(I)

c .

C DEPTHS
Yi=Y(I,1)
Y2=Y(1,2)
Y3=Y(I+1,1)
Y4=Y (I+1,2)

C

C TOP WIDTHS
TW2=TOPW(Y2,1)
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TW4=TOPW(Y&4,L41)

AREAS
A1=AREA(Y1,1)
A2=AREACYZ2,I)
A3=AREA(Y3,1+1).
AL=AREA(Y4,1+1)

HYDRAULIC RADII
R2=A2/WP(Y2,1)
R4=A2/WP(YL,1+1)

DISCHARGES
@1=Q(1,1)
Q2=Q(I,2)
Q3=Q(I1+1,1)
Q4=Q(I1+1,2)

COMPUTE THE AVERAGE VALUES BETWEEN THE NODES

AREAS
AVA=(A2+A4)/2.0

HYDRAULIC RADII
_AVR=(R2+R4)/2,0

DISCHARGES ‘
AVQ=(Q2+Q4)/2.0

CALCULATE THE FRICTION SLOPE TERM
SF=(MNCI)*AVQ/AVA) **x2/ (2.2*AVR**1,33)

COMPUTE THE DERIVATIVES OF THE FRICTION SLOPE WITH

RESPECT TO DEPTH AND DISCHARGE
DSFDY2==2,0%SF*DRDY(Y?2,1) /(3. O*AVR)-SF*TW?/AVA
DSFDY4==2,0%SF*«DRDY (Y4, I+1)/(3, O*AVR)I=SFxTWL/AVA
DSFDA2=MN(I) *#2%xAVQ/ (2. 2¥AVA*AVA*AVR **1,33)
DSFDQL=DSFDQAZ

CONTINUITY EQUATION

CHANGE IN @ .
pDA=(Q4~- QZ)*THETA+(Q3 -Q1)*(1,0-THETA)

CHANGE IN Y

DY=0,5%((Y2~ Y1)+(TN4/TW2)*(Y4 Y3))
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RCE IS THE RESIDUAL FROM THE CONTINUITY EQUATION
. RCE=DY+DQ/ (TW2xDXDT)-INFLOCI)*DT/ TWZ

PARTIAL DERIVATIVES OF THE CONTINUITY EQUATION (CF) WITH
RESPECT TO DEPTH AND DISCHARGE AT THE TIME LINE J+1

PCEY2=0,5-¢DTWDY(Y2,1) /(TW2#TW2)) (0. 5+ TWh*(Y4=YI)+
* DA*DTDX=INFLOCI)*DT)

P CEYA=0. S TWA/TU240.55DTHDY (Ya, T+1) % (Y4=Y3) /TW2
PCEQ2==DTDX*THETA/TW2 -
PCEQL=DTDOX#THETA/TW2

MOMENTUM EQUAT ION

CHANGE IN Q@ WITH CHANGE IN TIME
' DADT =—0.5*DXDT*(Q2/A2-Q1/A1+Q4/AL=-Q3/A3)/G

_CHANGE IN Q/A WITH CHANGE IN DISTANCE (DX IS FACTORED OUT)
DAADX=0.5*%(((Q&/AL)*+x2=(Q2/A2)Y*%x2) /G * THETA +
* ((Q3/A3)%%x2=(Q1/A1)%x2)/G * (1,0-THETA))

CHANGE IN ELEVATIONAL HEAD . . ,
HEADSTHETA*(Y2+2(I1)=Y4=2(I1+1))+ (1. 0-THETA)* (Y147 (1)~
* Y3-Z(I+1)) '

RME 'IS THE RESIDUAL FROM THE MOMENTUM EQUATION
RME=DQADT+DQAD X+HEAD-(DIST(I)=*SF)

PARTIAL .DERIVATIVES OF THE MOMENTUM EQUATION (ME) WITH
RESPECT TO -DEPTH AND DISCHARGE AT THE TIME LINE J+1

PMEYZ2=0.5*DXDT*(Q2/A2)*(TW2/A2) /G=((R2/A2)*x2%xTW2*
* THETA)/(A2%G)+THETA=DSFDY2*DIST(I)

PMEY&=0.5#DXDT *CC4 /ALY *(TWL/IAL) [G+((AL/AL) ** 24T W4 %
* THETA)/(A4L*G)-THETA-DSFDY4L*DISTC(I)

PMEQ2=-0.5%DXDT/ (A2%G) +(Q2/A2) *THETA/ (A2%G)=DSFDQ2
+ DIST(I) ,

PMEQ4==0.5%DXDT/(N4*G)=(Q4/AL) *THETA/ (A4*G) -DSFDQ4 *
* DIST(I)
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~GENERATE THE COEFFICIENT,MATRIX

CONTINUITY EQUATION
A(M,L)=PCEYZ2
A(M,L+1)=PCEQZ
A(M,L+2)=PCEY4
A(M,L+3)=PCERQ4

MOMENTUM EQUATION
A(M+1,L)SPMEY 2
A(M+1,L+1)=PMEQ2
A(M+1,L+2)=PMEYS
A(M+1,L+3)=PMEQ4

RESIDUALS
ACM,NN+1)=RCE
A(M+1,NN+1)=RME

1- CONTINUE

RETURN
END
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¢ . .

SUBROUTINE SIMEQ

SUBROUTINE TO SOLVE THE COEFFICIENT MATRIX USING THE GAUSS
- JORDAN ELIMINATION METHOD FOR SIMULTAMNEOUS EQUATIONS

YOy Oy O

COMMON/ARRAY /A(200,200) ,N
C
**kﬁr’k’k***’k*********.*’k***********’k*’k*************************
C
C INITIALIZE PRGM
NN=2*N
C _ ,
C SEARCH FOR LARGEST PIVOT ELEMENT
DO 9 K=1,NN : ‘
11=K
IF(K.EQ.NN) GO T0 S
BIG=ABS (A(K,K))
DO 3 T=K+1,NN
BBIG=ABS (A (I,K))
IF(B1G.LT.B8BIG) BIG=BBIG; II=I

3 CONTINUE
¢ ‘ ) :
C TEST FOR REPLACEMENT
IF(II.EQ.K) GO TO 5
C

- C SWITCHEROO

DO 4 J=T1.NN+HT
SUB=A(IIsd)
ACIToJ)ZA(KAJ)

A(K,J)=SUB
4 CONTINUE
c
C CALCULATE NEW MATRIX WITHIN SAME SPACE

¢ (DIVIDE EQUATION BY THE LEADING COEFFICJENTS)
5 DO 6 J=K+1,NN+1 . '
A(K,Jd)YSA(KLJI/IA(KSK)
6 CONTINUE

C BACK SUBSTITUTION
DO 8 I=1,NN -
IF(I LEQ.K) GO TO 8
DO 7 J=K+1,NN+1'
CUACILIIEACT L= (ACT KI*A(KSJ))
7 CONTINUE




|

B8 CONTINUE
? CONTINUE

RETURN
END-
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*gﬁ*********#t*?**********#**ﬁ§**************a**w*****a*****
c . :

REAL FUNCTION AREA(Y,I)

c ‘ 3 .

‘C FUNCTION SUBROUTINE TO CALCULATE THE AREA OF FLOW AT EACH
C CROSS SECTION FROM THE DEPTH /- -AREA CURVES

C ‘ : : .
COMMON/COEFS/AC1(100),AC2¢(100),AC3(100),RCT1,RC2,RC3
REAL Y . ' :
INTEGER I

C

KRR AR ATk AR AR AR A A A AR AR R AR R AR A A kAN R kA A A A A AR KRR A R A H A K Rk Ak dk
c : ‘ .

AREA = (ACT1C(I) » Y) + (AC2CI) * (Y=**x2)) + (AC3(I) =
* T (Y#r%3)) . .

RETURN
END
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*******************#**********#**.************ﬁ'****#*********
. Salale
REAL FUNCTION DRCDY(Y)
C C ' - . A
C FUNCTION SUBROUTINE TO CALCULATE THE DERIVATIVE OF THE
C DEPTH~DISCHARGE RATING CURVE (DOWNSTREAM ROUNDARY)
c ' ' h .
COMMON/COEFS/ACT1(100),AC2¢(100),AC3(100)»RCT1,RC2,RC3
REAL Y ‘
C : , .
***-**************************************i***#******ﬁ******
¢ _
DRCDY = RC1 + 2%RC2%Y + 3#RC3#xYyx%x2
c .
RETURN
END "
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c _ .

REAL FUNCTION DRDY(Y,I)

C

C FUNCTION SUBPOUTINE TO COMPUTE THE DERIVATIVE OF THE
C HYDRAULIC RADIUS WITH RESPECT TO DEPTH '

C
. COMMON/COEFS/ACH (100)0‘\(:2(100)1/\(:3(1UO):RC']:RCZIPCS
REAL Y
INTEGER I
C

Kk ok AR KA h kR kAR KA Ak A A A R AR ARk AR A RN A A A A A ARk ok k kA kR Ak ko k ko kk Kk
C ' 3 . . B

DRDY = TOPWI(Y,I)/WP(Y,I)=AREACY 1)/ (WP(Y,I)*%x2)*(=0,5)
 x((TOPWC(Y,I)+2,0%Y) %%x2) #%x(=1,5) %2, 0*x(TOPW(Y,1)+2. O*Y)
£ x(DTWDY(Y,I)+2,0)

RETURN
END
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**********?*****ﬁ*ﬁ********éﬁt***********ﬁ*ﬁ**********#*****
C

REAL FUNCTION DTWDY(Y,I)
c S :
C FUNCTION SUBROUTINE TO COMPUTE THE DERIVATIVE OF THE TOP
C WIDTH WITH RESPECT TO DEPTH

C g .
COMMON/COEFS/AC1(100),AC2(100),AC3(100)+RCT1,RC2,RC3
REAL Y : '
INTEGER I

C :

**********t**;*****ﬁ***********************ﬁ*ﬁ;*************
C ,

DTWDY = 2,0%AC2(CI) + H6,0%*AC3(I)x*Y
C p '
RETURN
END
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***g***}************************ﬁ**y**********ﬁ*************
¢ A )
SUBROUTINE LAKE(VOL,LZ)

C . .
C FUNCTION SUBROUTINE TO CALCULATE THE LAKE DEPTH FROM THE
C DEPTH~VOLUME CURVE EQUATIONS. THE ‘CURVE IS TREATED AS
C TWO CURVES FOR GREATER ACCURACY.
C :

REAL vOL,LZ2
o

********#*k**’k**k*‘******'*****.ﬁ***********t*ﬁ**i*********k***

C .
"TF(VOL.LE.23435280) GO TO 1

C
L2 = (,168781E 01 + (.,115480E-05 * VOL) + (-,962186
#E=14 * (VOL**2)) + (,414551E-22 * (VOL%%*3)))
RETURN
C
1 L2 = ((.148025E=-05 * VOL) + (=.267174E=-13 » (VOL**2)) "
* + (,309483E~-21 * (VOL=*%x3)))
C

RETURN
END
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*******************#***k**************#&***ﬁ*i*****%ﬂﬂ******‘

¢ :
REAL FUNCTION OUTLETC(Y)

¢
C FUNCTION SURROUTINE TO CALCULATE THE DISCHARGE THRU THE
C OUTLET GATES AS A FUNCTION OF LAKE LEVEL
c :
REAL Y
C S _ _ . _
****i*****k*****************ii****ki*#*****ﬁiﬁ********i*****
¢ .

OUTLET = ((.350C00E+01 * Y) + (-.,820313E~-01 » (Yw*»
* 2)) + (.732422E-03 % (Yxx3)))

RETURN
END
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*.******************ﬁ***********’*****1.;&**ﬁ********#*******i***

¢

ks Eakal

C

REAL FUNCTION RADIUS (Y,A)

FUNCTION SUBROUTINE TO CALCULATE THE HYDRAULIC RADIUS

(R=AREA/WETTED PERIMETER)

REAL Y-,A

************************,****'k*******************************

¢

P = SQRT(Y*#2 x2,0) » 2.0
RADIUS = A / P

RETURN
END
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**************k*********ﬁ***ﬁ**k**ﬁ********ﬁi‘*ﬁﬁ‘**iﬁiﬁiﬁ****
. .

REAL FUNCTION RATING(Y)
¢ : ‘ »
C FUNCTION SUBROUTINE TO CALCULATE THE DISCHARGE AT THE
C DOWNSTREAM BOUNDARY FROM THE DEPTH-DISCHARGE RATING CURVE
c : ' . S
COMMON/COEFS/ACT(100),AC2¢(100),AC3(100),RC1,RC2,RC3
REAL Y , :
c . : :
*******************:ﬁr***ﬁ***********k*k***ﬁ**k******k*******i
C ‘ :
RATING = RCT#Y + RC2*(Y#%2) + RC3*(Y.*x3)
C

RETURN

END
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**********‘A’*****ﬁ***k****k**********************H*k***.*******‘

C
REAL FUNCTION SPILLWAY(Y)

c
C FUNCTION SUBROUTINE TO CALCULATE THE SPILLWAY DISCHARGE AS
C A FUNCTION OF LAKE DEPTH
c
REAL Y,SD
C I

**************.ﬁ-***‘**'***t****‘********t********i**************
c
IF(Y,LE.42.1) SPILLWAY=0.0, RETURN
SD = Y = 42,1 . ' )
SPILLWAY = ((.13%4310 E 02 = SD) + (.264744E 02 =
£ (SD*%2)) + (-,107516E 01 * (SD**3))) -
RETURN :

END
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R R R R R T
C . .

REAL FUNCTION TOPW(Y,I)

c .

C FUNCTION SUBROUTINE TO CALCULATE THE TOP WIDTH OF FLOW AT
C EACH CROSS-SECTION AS THE DERIVATIVE OF THE AREA WITH

C RESPECT TO DEPTHY}

C .
COMMON/COEFS/AC1C100),AC2¢100),AC3¢100),RC1,RC2,RC3
REAL Y :
INTEGER I

C

* % % ***'k**k*******@*'ﬁ-******-****k************i**ﬁ*************
C , . .

TOPW = ACT1CI) + 2#%AC2CI)*Y + 3%xAC3(I) »Yxx?
c .

' RETURN

END
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**********k*****************t*******#********k****#**i***i**

C
REAL FUNCTION VOLUMECY)

FUNCTION SUBROUTINE TO CALCULATE THE INITIAL VOLUME GF THE
LAKE FROM THE DEPTH-VOLUME CURVE. THE CURVE IS BRCKEN:
INTO TWO SECTIONS AND TREATED WIYH TWO EQUATIONS FGR IN-
CREASED ACCURACY.

OO OO0

REAL Y
c : : ‘
ﬁ**********k****k****ﬁ*******ﬁ**********t****k**********#**ﬁ
. ,

IF(DEPTH.LEL.24) GO TO 1

C .
VOLUME = -.232320E 06 + (.791340F 06 * Y) +
* (.388208E 04 * (Y*%2)) + (.176458E 03 * (Y*%3))
RETURN
c B
1T VOLUME = (,674273E 06 * Y) + (.8T6750E 04 % (Y*42)) +
* (o184336E 03 '« (Y**3))
c . .

RETURN
END
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***************‘k*******************_*****i:*******************

C
REAL FUNCTION NP(Y'I)
C
C FUNCTION SUBROUTINE TO CALCULATE THE WETTED PERIMETER AT
C EACH X-SECTION AS A FUNCTION OF THE DEPTH

C
COMMON/COEFS/AC1(100)’AC2(100)IAC3(100)'RC1IRC21RC3 .
REAL Y .
INTEGER I

C

******************'************ﬁ"f*u********** *2*************&***
C .

WP = SQRT(TOPW(Y,I)*%2 + Y®x2) + Y.

C . .

RETURN
END




APPENDIX III

EXAMPLE DATA FILE

DEPTH INLAKE TSTEP MNB

48 1000 5.0 0.047 450,

N .TFINAL THETA QTOL YTOL

97 3600.0 0.6 50.0 .05. ,
20,50,70,97 X-SECTIONS FOR HYDRDOGRAPHS (1=DAMSITE)
7¢I DIST(I) INFLOC(I) X~-SEC=I (NOT-READ 1IN) '
6330.0 100.0 0 1 ‘
6310.0 100.0 .0 .2
6290.0 125.0 .0 3
6265.0 125.0 .0 4
6244.,2 150,0 .0 S
6226.6 150.0 .0 6
6210.3 175.0 .0 7
6198.0 175.0 .0 8"
6185.8 200.0 .0 )
6175.6 200.0 -0 10
6166.,0 225.0 o0 11
6155.1 225.0 o0 12
6144,3 250.0 .0 13
6132.2 250.0 <0 14
6120.2 275.0 .0 15
6109.7 275.0 0 16 .
6102.3 300.0 -0 17
6093.6. 300.0 <0 18
6084,9 325.0 -0 19
6075.6 325.0 .0 20
6066.7 350.0 .0 21
6057.3 350.0 .0 22
6049.6 375.0 .0 23
6042.3 375.0 .0 . 24
6035,0 400.0 s0 25
6027.2 400.0 .0 26
6019.4 425.0 .0 27
6011.2 425.0 .0 28
6002.9 450,0 .0 29
5094.,1 450.0 .0 30
598S5.4 475.0 .0 31
5976.1 475.0 .0 32
5966.9 S00.0 .0 33
.5953%,9 500.0 =0 34
5938.,9 525,0 .0 35
5924.4 550.0 .0 36
5909.2 550.0 .0 37

575.0 0 38

5894,.1

TFAIL




5878.2
5862.3
5845, 7

5829.2.
5811.9 .

5797.3
S784.8

S772.4.

5759.5
5746.6
5733.2
5718.8
5703. 2
5687.5
5671.0
565441
563647
5619.3
5601, 3
5581.6
555846
5535.5
5511.8
5488, 1
5463.6
5439.2
5414.0

5391.1°

5368.7
5346, 3
5324.9
5305.7
5286. 1
5267.1
5247.6
5230.2
5217.1
.5204.0
5190.6
5177.2
5163. 4
5145.9
5127.3
511041
5093.8
507541

575.0
630.0
600.0
625.0
625.0

650.0.

650.0
675.0
675.0
700.0
700.0
725.0
725.0
750.0
750.0
775.0

" 775.0

800.0
800.0
825.0
825.0

850.0-

850.0
875.0
875.0
900,0
900.0
925.0
925.0
+950.0
950.0
975.0

975.0
1000.0
1000.0.

1025.0
1025.0
1050.0
1050.0
1075.0C

1075.0 ",
1100.0 -

1100.0
1125.0
1125.0
1150.0

oNeolslololojolelololcloleleleNeNoNelo e

» 6 o ¢ & o v a @

© o @4 ® o @ & ¢ 5 & 4

0000000000000 OO0 IO

39
40
41
42
43
44
45
46
47
48
49
50
51

52
53
54
55
56
57
58
59
60
61

62
63
64
65
66

.67

68
69
70
71

72

73
74
75
76
77
78

79

80
81
82
83
84




5S049.5
5030.7
5013.,4
4997.5
4982,1
4965.9
4948, 4
6931,1
4913.8
4897.0
4881.3

1150.0

1175.0
1290.0
1200.0
1225.0

1250.0
1250.0
1275.0
1275.0
4865.6 875.0
4855:1 . 0.0
.242019€+03
-, 24L6667E+01
.118736E+02 -
L262140E%02
JL41394E402
.495098E+02
" .333553E+02
.175051E+02
.787849E+00
-.159294E+02
= 127807€E+02
-, 645286E+01
<665988E+00
L778483E+01
. «156947E+02
.236045E+02
.331101€+02
.428910E+02
LL28749E+02
L270954E+02
~ .100009E+072
- 279490E+01
.169035E+01
-.108028E+00
-.244786E+01
- L78769E+01
-.728351E+01
-.977933E+01
=, 124311E+02
-.150829E+02
-.178907E+02
-.206985E+02
-.236623E+02

1175.0.

1225.0°
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o e 0 6 & 6 0 © o & a

OO0 O0OOODOoOoOo0O

.0 :
-.131602€+03
«598750E+01
3742756401
. 149800E+01

T =o.130794E+01

" -.981685E+00
.504776E+01
«983465E+01
.817113E+01
«650762€+01
.613183E+01

L «597395E+01
«579634E+01
.561873E+01
«542138E+01
.522404E+01
.201692E+01

85
86 .
&7
88

.89

-.414576E+01 -

-.359250E+01
-.115713E+01
<148120E+01
.351339€+01
<529394E+01
«615150E+01
.652092€E+01
<689034E+01
.728439E+01
«7678L4E+0]
2809712E+01
.851579E+01
<895910E+01
.940240E+01

.987034E+01.

90
91
92
93
94
95
96
97 .
J21744L6E+02
-.490833E-01
«112385€E-01
+715603E-01
< 146963E+N00

" 139565E+00.

-.183523€~01

" =a1464254E+0C

-.104385€E+00
- e645164E=01
~.556568E=01
~.520408E-01
- 479729E-01
~,439049€E-01

=.393849E-01

~.348649E-01
«589827:-01
«256948E+00
»387977E+00
0232514E+00
264 0953E=-01
«593977E-01

. 164535E+00.

»189312E+00

.1680256+0C-

«146739E+00

.124G33E+00

" .101327€E+0C
.772021€-01
.530772E-01
0 275332E-01
- 198921E-02

~-,269739€-01

"RATING-CURVE Q
1 _

DO ~NONWV WY

10 -

12 .
13
14
15
16
17
18
19

20
21
22
23
24
25
26
27
28
29

30
31 .
32




~.266261E+02
-.167960E+02
-.108167E+01
~.937800€+00
~.787081E+00
-.636362E+00

=, 478792E+00

~.321222€+00
~.156802€E+00
« 7619 16€E~-02
. 178891E+00
" a116312€+01
«310264E+01
«504216E+01
«705628E+01

.907040E+01 .
- «111591E+02

- 579798E+01
~.361247E+02
-.664513E%02

-.709898E+02
- —a520487E+02

-.324763E+02
-.129039E+02
«729996E+01
.190207E+02
«165269€+02
< 140331E+02
.114638E+02

«889446E+N1 -

«624956E+01
«360466E+01
«884193€+00

. «119896E+02

<314351E+02
.508805E+02
. 557764E4+02
.399437E+02
2 297665E+02
.431190€E+02
.568139E+02

-.108824E+03 -

~.707507E+03
-« 130619€E+04
19194 7E+04
-« 253276E+04

<103383€+02
. 721348E+01
<267432E+01
<384151E+01
<506428E+01
.628705E+01
.756541E+01
.884376E+01
.101777E+02
<115116E+02
<129011€+02

.128073€E+02"

«110385E+02
«926973E+01

e 743290E+01

.559608E+01
. 369122E+401
< 696718E+01
.138322E+02
.206971E+02
<219970E+02
.182201€+02

«143173€+402 .

<104145E+02
.638586E+01
«376349E+01
<347608E+01
.318867E+01
.289256E+01
.259644E+01
<229161E+01
<198679E+01
<1673256+01
<314149E+01
.568554E+01
.822960E+01
877772E+01
<648686E+01

. 518734E+01

<796284E+01
.108095E6+02
.551594E+02
.199880E+03

.344600E+03

<492850E+03
<641100E+03

-.519370E-01
~.384399€-01
-2 528044E-02
-.195932€-01
-.345876E=01
=.495819€-01
-2 652579E-01
-.809338E-01
-.972914E-01
-.113649E+00
-.130688E+00
-.129649E+0C
-.108200€+00
-.867512E-01
-.644775E=01
-.422037E-01

--191050€-01 -

- 49794 4E-01
~.117628E+00

- 185461E+0C

~.197445E+00
=.158514E+00
- =.118285E+0C
-, 780559E=01
-.365293E-01
-.100859E-01

" -,874091E-02-

-.739592€-02
-.601016E-02
- b6244L1E-02
"-.319790E~-02
-.177138E-02
-.304110E-03
-.153541E~-01
- 404174E-01
-.654807E=-01
-.712899%9€-01
-.496933E~-01
~a375992E-01

-.645299E-N1

-.921513€=-01
-.180467E+01
-.758972E+01

=, 133748E+02
-.193010E+072

-, 252272E+02

‘33

34
35
36
37
38
39 -
40
41
42
43
44
45 .
46
47
48
49
50

51

52
53
54

55

56
57
58
59
60
61
62
63
64
65

. 66. .

67
68
69
70

.71

72
73 -

74

75
76
7
78 -




-.316065E+04
-.205145E+04
©=-,570831E+03
.167609E+403
«290291E+03
.245549E+03
-.270836E+03
-.409144E+03
-.443155E+03
-.177648E+04
-.389012E+04
. ~.421597E+04
-.199358E+04
~e433116E+03

-.233915£+03

«156759E+03
--153337E+03
-.839801E+02
" =-.454163E+02

.792879E+403
.504827E+03
<122561E+03

=.719081E+02

~-o110744E+03
= 962012€+02
«687155E+02
. «132961€E+03
.170031£+03
«503607E+03
- 101588E+04
- 107702E+04
«494706E+03

-852507€+02 -

© 2312371€E402
-.623426E+02
«362106E+02
<144827E402
-.419500E+01

~2312944E+02
T=o.179111E+02

. =.346508E+00

<921598€E+01
<121757€+02
2 118241E+02
. «215609E+01
-.11.8251€+01
-2 279732E+01
-.183009E+02
~.421722E+02
~.440791E+02
-.146351€+02
- 5463648E+01

«619228E+01-

. 797832E+01
<297357E+01
.560922E+01
 .648205E+01

79
80
81
82
&3
84

85

86

87

88
89
90
$1

. :92 '

93
94

- 85

56
7
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